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1 Introduction 
Neurons and neural populations never function in isolation. Instead, the brain is dominated 
by dynamical interactions between neurons. These are organized into ensembles or circuits 
that process specific kinds of information. Information processing in the brain depends on 
the connectivity of the neuronal processing elements. Neural connectivity plays a crucial role 
in determining the functional properties of neurons and neuronal systems.  While it has long 
been thought that the signal flow in the brain is unidirectional, already Cajal (1911) 
demonstrated in his anatomical studies that there are feedback circuits in the brain. During a 
particular processing way, feedforward connections bring input from an earlier station to a 
higher station along a particular processing pathway. Many of those hirarchical patways are 
paralleled by descending feedback connections (Shepherd, 2003). 
 
1.1 Feedback systems in the brain 
As just indicated, sensory information processing is not only a linear feedforward process 
proceeding from station to station in a hierarchical fashion. Instead, feedback connections 
from higher to lower stations have been demonstrated to contribute to sensory processing 
and cognition (Ro et al., 2003; Suga and Ma, 2003). After receptor activation, sensory 
information is encoded as action potentials (APs) and is typically relayed via various nuclei 
towards the thalamus and from there to the cerebral cortex. However, sensory responses of 
thalamic neurons result from dynamic interactions between feedforward and feedback loops 
(Geisert et al., 1981; Waleszczyk, 2005). Nearly half of the synaptic input to neurons in the 
thalamus comes from the cerebral cortex. It was found that feedback from the cortex exerts 
a function in both the packaging of sensory information most suited for cortical processing as 
well as the sharpening of thalamic receptive fields (Alitto and Usrey, 2003). The cortical 
feedback to the lateral geniculate nucleus (LGN) can modify how LGN cells behave under 
visual stimulation and, thus, the cortical feedback affects how and when visual signals are 
transferred to the cortex (Cudeiro and Sillito, 2006). Also, feedback plays a crucial role in the 
auditory and somatosensory system (Alitto and Usrey, 2003). 
Feedback systems are not restricted to the forebrain and its afferent levels, but are also 
found at lower stations of sensory processing. A prominent feedback loop was shown in the 
mammalian midbrain between the superior colliculus (SC) and the nucleus parabigeminalis 
(PBN) (Graybriel, 1978). The SC is a multisensory structure which receives input from visual, 
auditory and somatosensory projections. It is involved in gaze control and spatial attention 
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(Muller et al., 2005) and is strongly interconnected with the midbrain PBN. The connections 
between the SC and the PBN are reciprocal and topographic (Sherk, 1979). Recently, it has 
been suggested that the PBN might help to orchestrate long-range excitation or inhibition 
across the SC (Lee and Hall, 2006), however, it is still unknown how the PBN functions to 
modulate neurons in the SC. 
In non-mammalian vertebrates, the optic tectum is partly homologous to the SC (Méndez-
Otero et al., 1980). The optic tectum is the primary visual processing area in the 
mesencephalon of non-mammals. Its functions can be attributed to orientation and the basic 
analysis of sensory data in a spatial context. The non-mammalian counterpart of the PBN is 
the isthmic system (Graybriel, 1978; Diamond et al., 1992), which is a complex of midbrain 
nuclei that is spatially separated from the tectum (Wang Y et al., 2004; Wang Y et al.; 2006). 
Reciprocal connections between the optic tectum and the isthmic system have been 
reported in several species, such as birds (Wang Y et al. 2004, Wang Y et al., 2006; Hunt 
and Künzle, 1976; Hunt et al., 1977; Tömböl et al., 2006; Hellmann et al., 2001; Güntürkün 
and Remy, 1990), reptiles (George et al., 1999, Wang SR et al., 1983), teleost fish 
(Sakamoto et al., 1981; Dunn-Meynell and Sharma, 1984) and frogs (Gruberg and Udin, 
1978; Dudkin and Gruberg, 1999). Electrophysiological studies have demonstrated that the 
isthmic system in amphibians (Gruberg and Lettvin, 1980; Wang SR et al, 1981), in teleost 
fish (Northmore, 1991) and in birds (Wang YC and Frost, 1991, Yang and Wang, 2002) are 
all visual centers. Additionally, it was recently shown that the isthmic system in barn owls 
partly functions as an auditory center and it was demonstrated that this auditory center 
provides space-specific but no modality specific information to the tectum (Maczko et al., 
2006). 
In spite of the large body of literature on the isthmic system, its function remains enigmatic. 
Over the years, it has been supposed to participate in visual processing  by interacting with 
the optic tectum to produce delayed, prolonged excitations (Sereno and Ulinski, 1987) and to 
construct a winner-take all network (Sereno and Ulinski, 1987; Wang and Frost, 1991; Wang 
SR, 2003). Winner-take-all networks are one class of dynamic circuits using center-surround 
interactions for visual target selection. They permit the animal to orient to only one of several 
competing, simultaneously present objects in the visual field (Sereno and Ulinski, 1987; 
Wang and Frost, 1991). Others have suggested that the isthmic system might play a role in 
depth perception and stereopsis (Wiggers and Roth, 1994) or that the columnar axonal 
terminations of Ipc and Slu might synchronize excitation across several tectal projection 
neuron types in a space-specific manner (Wang Y et al., 2006). 
The tectal-isthmic system in birds is a good model system to study feedback loops and to 
investigate the effect of the isthmic nuclei on the tectum. The anatomy and electrophysiology 
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of the avian tectal-isthmic system has been well studied (see above) and provides a detailed 
background for functional investigations. Moreover, in birds the isthmic structure is 
subdivided in three subnuclei, the nucleus isthmi pars magnocellularis (Imc), the nucleus 
isthmi pars parvocellularis (Ipc) and the nucleus isthmi pars semilunaris (Slu). Furthermore, 
the optic tectum is a higly laminated structure (Luksch, 2003). Therefore, a systematic 
analysis of the isthmic substructures and their connections with the tectum is possible. In 
addition, the reciprocal projections between the tectum and the isthmic nucleus have been 
shown to be preserved in slice preparations (Wang Y et al., 2004; Wang Y et al., 2006) and, 
therefore, the connections and cellular mechanisms of the tectal-isthmic feedback loop can 
be well characterized in vitro. 
 
1.2 Anatomy of the avian tectal-isthmic loop 
The optic tectum in birds is a highly laminated structure with easily recognisable layers 
(Luksch, 2003). Currently, there are two different nomenclatures in use for the avian optic 
tectum. According to the nomenclature put forward by Ramón y Cajal  (1911) there are 15 
tectal layers, based on standard histological techniques. LaVail and Cowan (1971) 
suggested a different nomenclature that subdivided the avian optic tectum into 6 layers with 
many sublayers. In this thesis, the nomenclature by Ramón y Cajal is used (Fig 1). The avian 
optic tectum receives input from areas throughout the brain. However, the retinal input from 
the contralateral retina is the predominant afferent. Retinal ganglion cells (RGC) project in a 
topographic fashion upon the avian optic tectum, so that an orderly projection of the visual 
world onto the tectal surface is constructed (Hunt and Webster, 1975).  
In birds, the optic tectum is reciprocally connected with the isthmic system (Fig 1) (Cajal, 
1911; Hunt and Künzle, 1976; Hunt et al., 1977). The projection from the tectum to the 
isthmic system is originated in tectal layer 10 (L10) (Ramon y Cajal, 1911; Hunt et al., 1977; 
Wang Y et al., 2004; Wang Y et al., 2006). Those neurons are Shepherd’s crook neurons 
have small ovoid somata (Sebestény et al., 2002) and a radial dendritic field that spans all 
tectal layers in a narrow cylinder (Wang Y et al., 2006). A distinctive feature of these 
neurons is the origin of the axon from the apical dendrite where it is first directed towards the 
superficial layers, but then turns and courses towards the deep tectal layers to the isthmic 
nuclei (Cajal, 1911; Domesick and Morest, 1977; Wang et al., 2006). The Imc is a 
GABAergic isthmic subdivision, situated between the tectum and the Ipc. It receives 
retinotopic projections from the tectum (Wang YC and Frost, 1991; Wang et al., 2004). 
There are two populations of neurons in the Imc: one cell type projects heterotopically  upon 
the tectum, which means that these Imc neurons project diffusely upon the optic tectum but 
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not to the locus from which they receive input (Wang Y et al., 2004). The other cell type 
projects in a non-reciprocal fashion upon both the Ipc and Slu (Fig 1) (Wang Y et al., 2004). 
It has been assumed that the majority of Imc neurons project upon the isthmic subdivisions 
(Wang Y et al., 2004). 
 
 
Fig 1: Schematic overview of the feedback projections among the optic tectum, 
Imc, Ipc and Slu. Radial tectal cells (green) located in tectal L10 project upon Imc, 
Ipc and Slu. One type of Imc neurons (blue) projects widely upon the tectum, 
whereas another Imc cell type (blue) has axonal terminations in both the Ipc and 
Slu. Ipc and Slu project upon the optic tectum in a columnar fashion back to the 
location where they get input from (red). 
An individiual Imc neuron probably projects upon the whole volume of Ipc/Slu, except for the 
small area receiving the same tectal input as the particular Imc neuron (Wang Y et al. 2004).  
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The Ipc and the Slu are cholinergic nuclei. Both, the Ipc and the Slu receive topographic 
input from the tectum (Hunt and Künzle, 1976; Hunt et al., 1977). They project back upon 
the tectum in a homotopic manner, which means that the Ipc and Slu project back to the 
location in the tectum from where they receive their input (Hellmann et al., 2001; Wang et 
al., 2004). Ipc and Slu projections upon the optic tectum are columnar (Fig 1) and the axons 
project upon a great number (Ipc: L2-L10; Slu: L4-L13, see Fig 1) of tectal layers with 
arborizations in several layers (Wang Y et al., 2006). The axonal terminations of the Ipc cells 
in the tectum are dense boutons which are organized in a brush-like narrow column (Cajal, 
1911; Tömböl et al., 1995, Tömböl and Németh, 1998; Wang ; Wang Y et al., 2006). 
 
1.3 Electrophysiology of the avian tectal-isthmic loop 
The electrophysiological features of the optic tectum and the isthmic system have been 
investigated in several studies and species, for instance in amphibians (Gruberg and Lettvin, 
1980, Wang et al., 1981), in teleost fish (Northmore, 1981; Northmore and Gallagher, 2003) 
and in birds (Wang YC and Frost, 1991, Yan and Wang, 1986; Yang and Wang, 2002; Marin 
et al., 2005; Marin et al., 2007, Mazcko et al., 2006). 
For the understanding of the tectal-isthmic loop, it is essential to investigate how the isthmic 
substructures modulate electrophysiological features of tectal cells. There are controversial 
findings concerning the impact of the avian Ipc and the Imc upon the tectum (Marin et al., 
2005; Marin et al., 2007; Wang SR, 2003). 
For birds, it was shown that the cholinergic input from the Ipc is visually evoked and leads to 
oscillatory bursts in the optic tectum. Those oscillatory bursts are generated by the bursts of 
APs fired by Ipc axon terminals (Marin et al., 2005). Furthermore, it has been demonstrated 
that the Imc has an inhibitory influence on the Ipc. The visual responses in the Ipc to a 
moving spot are strongly inhibited if another, distant spot starts to move and this suppression 
is mostly mediated by the Imc (Marin et al. 2007). 
Visually evoked responses in the diencephalic nucleus rotundus (caudal pulvinar of 
mammals) have been shown to be synchronized to tectal oscillatory bursts, suggesting that 
the bursty firing of the Ipc brushlike endings may exert a fast gating control on the flow of 
visual activity ascending to the telencephalon (Marin et al., 2007). In this regard, the Slu 
projections to the nucleus rotundus might also be relevant. Slu also modulates the 
ascending tectofugal system (Hellmann et al., 2001). 
In tectal layer 5, brushlike terminals from the Ipc are particulary dense. Additionally, in layer 
5, a tectal ganglion cell type projecting to the dorsal anterior subdivision of the nucleus 
rotundus has a large circular dendritic field with smooth dendrites being rich of spines 
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(bottlebrush endings) (Luksch et al., 1998). Also, layer 5 contains a well studied (Luksch and 
Golz, 2003) type of interneuron which is associated with both the retinal input and the 
bottlebrush endings of one tectal ganglion cell type (Ramon y Cajal 1911; Gamlin et al., 
1996, Tömböl, 1998). Together with the electrophysiological results mentioned above, these 
findings suggest that the tectal layer 5 is a primary target layer of the Ipc paintbrush endings. 
In summary, these data on the avian isthmic system indicate an excitatory impact of the Ipc 
on the optic tectum, whereas the Imc seems to have an inhibitory impact on the Ipc. 
However, an extracellular recording study in intact animals revealed that, upon electrical 
stimulation, the magnocellular and parvocellular subdivisions of the isthmic nucleus produce 
excitatory and inhibitory effects on tectal cells, respectively. The Imc-tectal pathway was 
demonstrated to be excitatory, whereas the Ipc projections upon the tectum have been 
demonstrated to be inhibitory (Wang SR, 2003). These data are contradictory.Therefore, the 
influence of each isthmic subdivision on the tectum is not yet clear and still, the function of 
the reciprocal connections among the isthmic nucleus and the tectum is not fully understood. 
In addition, the electrophysiological properties of the neurons (somatic electrophysiology) of 
the relevant elements of the tectal-isthmic loop and the delays among the cells are still 
unknown. The investigation of those features might contribute to the further understanding of 
this feedback loop. 
 
1.4 Modeling neural feedback loops 
In addition to electrophysiological and anatomical studies, neural feedback loops can also be 
investigated by modeling (Brandt et al., 2006a; Brandt et al., 2007a; Brandt and Wessel, 
2007b). 
Modeling neural systems is a reasonable supplementation to the biological examination of  
feedback systems in the way that the parameters describing the model are mathematically 
tractable and, thus, their impact on the dynamics and the function of those systems can be 
well investigated. Electrophysiological studies and modeling of the isthmic-tectal feedback 
system together might, therefore, complement one another, however, modeling does not 
recoup experiments.  
The reciprocal connections between two neurons can be described by delay differential 
equations (Brandt et al., 2006a; Brandt et al., 2007a; Brandt and Wessel, 2007b). In this 
way, the dynamical behavior of neural feedback loops is examined and the impact of certain 
parameters on possible functions of the system can be investigated.  
In a recent study, a system of two neurons with delayed coupling was investigated (Brandt et 
al., 2006a). It was shown that the system of delay differential equations has a stable 
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stationary point, as long as the sum of delays does not exceed a critical value. Once the 
delays are increased beyond this value, the fixed point loses its stability and a stable limit 
cycle emerges. In further investigations, this two-neuron model was assumed to have 
asymmetric delays. Asymmetric delays lead to synchronous oscillations in the feedback 
loop. Furthermore, it has been demonstrated that the degree to which this circuit can 
function as a winner-take all network may depend critically on the delays in the system 
(Brandt and Wessel, 2007b). Thus, it was shown that there is a high impact of delays on a 
model feedback system consisting of two neurons. Consequently, the investigation of delays 
in the tectal-isthmic loop is a very important feature for the later use in modeling feedback 
systems (Brandt et al., 2007a; Brandt and Wessel, 2007b). The impact of the delay 
properties observed for the tectal-isthmic system on the dynamical behavior of the model 
feedback system might be a keystone in the further understanding of feedback systems and 
their functions, above all with regard to a possible winner-take all function. 
 
1.5 Aims of the thesis 
The aim of this thesis was to investigate the electrophysiological properties of the elements 
of the tectal-isthmic loop in the chicken (Gallus gallus). Whole-cell patch recordings, 
extracellular recordings and electrostimulation were made in tectal slice preparations. The 
L10 cells, the Imc neurons, Ipc cells and Slu neurons were studied. Investigating the 
electrophysiological features in vitro is much easier and less complex than in the intact 
animal. The following questions and topics were formulated and investigated: 
 
Somatic electrophysiology of the tectal-isthmic loop in a slice preparation: 
1. Basic description of the electrophysiological properties of the L10 neurons, Imc, Ipc 
and Slu cells. Since two projection types of Imc neurons have been described, it is 
important to study whether there are also different cell types with respect to the 
electrophysiological properties. 
2. How do the responses of the cells change with increasing positive current injection? 
What is the relationship between the injected positive current and the frequency of 
APs?  
 
Synaptic stimulation of the elements of the tectal-isthmic loop in a slice preparation: 
1. What are the delays of the feedback projections in the system? Do the latencies of 
the different projections differ from each other or are they in the same range? Are the 
latencies in the loop distributed? The results were applied to a neural model feedback 
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system in order to understand the impact of delay properties on a mathematical 
neural feedback system. 
2. How do the cells respond to synaptic stimulation? Are the responses excitatory or 
inhibitory?  
3. How does the duration of responses depend on synaptic stimulation? These features 
are critical for the analysis, since the response duration will give clues on whether the 
input only activates the postsynaptic cell or stimulates the entire network. 
 
Microsurgical removal of the cholinergic isthmic subdivisions and blocking of 
acetylcholine receptors in the tectum : 
1. Are the L10 cells target neurons of the cholinergic isthmic subdivsions? If inactivating 
the Ipc has an effect on the L10 response after stimulation of retinal afferents, this 
would indicate that the Ipc targets the L10 neurons in the tectum. This finding would 
be very useful, since the target layers of the Ipc cells in the tectum have so far not 
been identified.  
2. How do the response properties of L10 cells to electrostimulation of retinal afferents 
depend on the cholinergic systems (in particular on the Ipc) of the isthmic system? 
Does recurrent excitation of the L10 neurons by the Ipc cause long-lasting response 
in L10 neurons? 
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2 Materials and methods 
The tectal-isthmic feedback system of the chicken (Gallus gallus) was electrophysiologically 
examined in vitro. Cells were supplied with Krebs’ solution, which kept the cells 
physiologically intact for several hours. Whole-cell patch recordings, extracellular recordings 
and extracellular electrostimulation were used to study the electrophysiology of the neurons. 
Biocytin was used to label the recorded cells for unequivocal classification.  
 
2.1 Animals 
A total of 130 chick hatchlings (Gallus gallus) of less than 2 days of age were used in this 
study. All procedures were approved by the Animal Care Comitee of RWTH Aachen and 
administrative authorities. Fertilized chicken eggs were obtained from a commercial breeder 
(Van den Boom, Kelpen, Netherlands). Eggs were incubated in a forced draft incubator at 
38°C and 65% humidity. For the pre-hatching stages,  the age was confirmed by 
developmental standard tables (Hamburger & Hamilton, 1951). 
 
2.2 Preparation 
Brain slices of the midbrain were prepared following the published protocols (Luksch et al., 
1998; 2001; 2004) The preparation was performed in 0°C, oxygenated and sucrose-
substituted Krebs’ solution (240 mM sucrose, 3 mM KCl, 5 mM MgCl2, 0.5 mM CaCl2, 1.2 
mM NaH2PO4, 23 mM NaHCO3, 11 mM D-glucose). The solution was bubbled with carbogen 
(95% oxygen, 5% CO2) for about 30 minutes to have the pH at 7.2. The solution was devoid 
of calcium to prevent synaptic activity during slicing. Sterilized instruments were used for the 
preparation. 
 
If hatched, animals were anasthetized with ketamine (40 mg per kg) and subsequently 
decapitated. For pre-hatch stages, eggs were opened and animals were removed and then 
decapitated. After decapitation, the head was immediately put into ice-cooled sucrose 
substituted Krebs’ solution. The brains were removed from the skull and the forebrain, 
cerebellum and the medulla oblongata were discarded. A midsagittal cut was made to 
separate the tectal hemispheres. Both hemispheres were embedded in 20 ml of 2% agar in 
HEPES buffer (290 mM sucrose, 3 mM KCl, 3 mM Mg Cl2, 5 mM HEPES) at a temperature 
of 39-42°C and immediately cooled on ice. Once the agar had solidified, an agar block 
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containing one tectal hemisphere was cut out and mounted with superglue on a Teflon block 
in a slice chamber, which was then filled with sucrose substituted Krebs’ solution. The tectal 
hemispheres were sectioned at 500 µm on a tissue slicer (752M Vibroslice, Camden 
Instruments) in either the horizontal or transverse plane. In both planes, the tectal-isthmo-
tectal loop is preserved. Slices were collected in oxygenated Kreb’s solution (120 mM NaCl, 
3 mM KCl, 1.2 mM NaH2PO4, 23 mM NaHCO3, 11 mM D-glucose), and kept submerged in a 
chamber that was bubbled continuously with carbogen (95% oxygen, 5 % CO2). 
 
2.3 Microsurgical removement of the Ipc 
The Ipc was microsurgically removed from the tectum by carefully trumping it with a needle.  
 
2.4 Electrophysiology 
Two different methods were used to study the electrophysiological properties of the tectal-
isthmic loop. Whole-cell patch recordings were performed to characterize the somatic 
electrophysiology of the elements. The responses of the cells to local electrostimulation were 
studied by whole-cell recordings and extracellular recordings.  
2.4.1 Whole-cell patch recording 
All recordings were made at room temperature (21°C) . The slice was located in a recording 
chamber with oxygenated Kreb’s solution. The slice was held to the bottom of the chamber 
with a platinum wire. The chamber was fixed on an IR-DIC (infrared differential interference 
contrast) microscope (Olympus BX50WI), mounted on a vibration isolation table (Newport). 
The cells in layer 10, Imc, Ipc and Slu were easliy visible with DIC optics. The approaches to 
the cells were monitored via a digital camera mounted on the microscope and a video 
monitor (B&M Video Monitor). Whole-cell recordings were obtained with glass micropipettes 
pulled from borosilicate glass (GC 150F, 7.5, Clark) on a horizontal puller (DMZ Universal 
Puller, Zeitz Instruments). The micropipettes were filled with an artificial intracellular solution, 
containing 100 mM K-gluconat, 40 mM KCl, 0.1 mM CaCl2, 2 mM MgCl2, 10 mM HEPES, 1.1 
mM EGTA, 2mM Mg-ATP, pH adjusted to 7.2 with KOH). Additionally, the electrode solution 
contained 0.5 % Biocytin (w/v) to label the recorded neurons. When filled, the micropipettes 
had resistances of 4-12 MΩ. The electrode was mounted in a pipette holder and connected 
with the amplifier (NPI, SEC-05L). The artificial intracellular solution was connected with a 
chlorided silver wire in the pipette holder to the head stage of the amplifier. Within the 
perfusion chamber a chlorided silver wire was used as reference electrode. Electrodes were 
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advanced through the tissue under visual guidance with a hydraulic micromanipulator 
(MHW-103-5, Narishige International) while a constant positive pressure was applied to the 
electrode. The electrode resistance, indicative of the proximity of a targeted neuron, was 
monitored by short current pulses (0.1 nA, 5 Hz). Once the electrode had attached to a 
membrane and formed a giga-ohm seal, acces to the cytosol was achieved by a brief 
suction. Changes in voltage were observed on an oscilloscope and fed via an A/D board 
(National Instruments) into a computer. Whole-cell recordings were performed with the 
amplifier in the bridge mode. The series resistance was corrected with the series resistance 
compensation circuit of the amplifier, assuming that the series resistance is 1.5 times the 
resistance of the electrode. After compensation of the series resistances, whole-cell patch 
recordings were performed by a pre-set stimulation protocol with increasing amplitudes of 
depolarizing and hyperpolarizing currents. Rectangular current pulses were injected into the 
cells, leading to changes of the membrane potential.  Stimulations began after 200 ms and 
lasted 200 ms; recordings lasted 1000 ms. Neurons being spontaneous active were 
hyperpolarized by a constant negative current injection while performing the stimulation 
protocol. In the case where spontaneous activities were investigated, the injected current 
was 0 nA and recordings lasted 5 to 10s.  Data were stored on a PC equipped with LabView 
software (National Instruments). To label the recorded neuron, it was filled intracellularly with 
2 nA of positive current over 2-5 minutes followed by 0.1 nA for another 10-15 minutes at the 
end of the stimulation protocol. The electrode was removed carefully while a small positive 
pressure was applied. Slices were kept in oxygenated Krebs’ solution for 15-30 minutes and 
subsequently fixed by immersion in 4 % paraformaldehyde in phosphate buffer. 
2.4.2 Extracellular recording 
Extracellular recordings were made to investigate the latencies between the isthmic nuclei 
and the tectum. The setup described in chapter 2.4.1 was also used for extracellular 
recordings. Usually, an amplifier for extracellular recordings is used, but here, experiments 
were performed by using a patch-clamp amplifier (NPI, SEC-05L). Electrodes were pulled 
from borosilicate glass like the patch electrodes and filled with the same artificial intracellular 
solution, used in 2.4.1. However, the solution did not contain Biocytin. When filled, 
electrodes had resistances of 16-30 MΩ. Extracellular recordings were performed by 
carefully positioning an electrode in the depth of the deeper tectal layers. Recordings were 
averaged 3 to 10 times. To evidence that signals were derived from neurons, 2 µM 
Tetrodotoxin (TTX) were added to the Krebs’ solution. 
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2.5 Electrostimulation 
Electrostimulation was performed to measure the delays of the tectal-isthmic feedback loop. 
Local electrostimulation was achieved by inserting bipolar tungsten electrodes under visual 
control in the tectal layers or an isthmic nucleus. For precise positioning, a three-axis 
micromanipulator (U-31CF, Narishige) was used. Electrodes were fabricated from 25-µm 
diameter, insulated tungsten wires that were glued together with cyanoacrylate and mounted 
in glass microcapillaries for stabilization. Two stimulus isolators generated current pulses. A 
multichannel isolater (STG 1008, Multichannel Systems) was used to stimulate a broader 
array of neurons by using up to 8 tungsten electrodes (500 or 800 µA, 250 µs pulse length, 
100 ms interval). Stimulus features were controlled with the Labview program. Pulses were 
biphasic (negative, positive). With the second stimulus isolator (A 360, WPI) a single 
electrode was controled to stimulate a narrow range of neurons. The strength and the 
polarity of the monophasic pulses were regulated at the isolator (20-700 µA, 0.1-1 ms pulse 
length). Both isolaters were triggered by the computer with a positive current. Recordings 
were repeated 3 to 10 times and every trial was recorded; then, the mean of the measured 
delays were taken. Alternatively, the recordings were averaged 3 to 10 times by the Labview 
program. To differentiate between synaptic or direct stimulation of a neuron, the nature of 
the stimulation was evaluated, if possible, by blocking chemical synaptic transmission by 
replacing Ca2+ in the Krebs’ solution with Mg2+. A direct stimulation should persist under this 
condition, while a synaptic stimulation should disappear. 
 
2.6 Visualization of labelled neurons 
In order to unequivocally classifiy the recorded cell, the neuron was labelled with Biocytin at 
the end of the recording session. After fixation, slices were cryoprotected by immersion in 
15% sucrose in phosphate buffer for at least four hours and in 30% sucrose in phosphate 
buffer overnight. Afterwards, slices were resectioned at 60 µm on a freezing microtome 
(Leica CM 3050) at -20°C. 
2.6.1 Diaminobenzidintetrahydrochlorid (DAB) reaction 
The sections were collected in phosphate buffer (PB) and washed in PB 3 times (5, 5, 10 
minutes). To block the endogenous peroxidases, the tissue was immersed in 0.6% H2O2 in 
methanol for 10 minutes. Then, the sections were again washed three times in PB (5, 5, 10 
minutes). Afterwards, the tissue was incubated in the avidin-biotin-complex solution 
(Vectastain elite kits, Vector laboratories) for 2 hours, to enable the avidin-biocytin binding 
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process. Again, the tissue was washed in phosphate buffer (5, 5 minutes) and then in acetat-
imidazol-buffer (AIP) (0.8 mM sodium acetat, 0.04 imidazol, pH 7.2) two times (5, 5 minutes). 
The DAB reaction started when H2O2 (0.01%) was added to a solution (AIP pH 6.5, 0.05% 
DAB, 0.05 NiSO4). Now, the tissue was washed again in AIP buffer pH 7.2 two times (5, 5 
minutes) and in PB two times (5,5 minutes). The sections were mounted on gelatin coated 
slides and dried overnight. Neutral red stainings were made to label the cell nucleus (2 
minutes). Then, sections were dehydrated with ethanol (50%, 70%, 90%, 96%, 100%; 3 
minutes in each case) and xylol (3, 3 minutes) and then coverslipped (Merckoglass, Merck).  
2.6.2 Cell reconstruction 
Sections were inspected for labeled neurons for classification. Digital photos of the cells 
were captured with an Axiocam (Zeiss) mounted on a photomicroscope (Axiophot, Zeiss) 
and collected into Axiovision software. 
 
2.7 Data analysis 
2.7.1 Somatic physiology 
The tectal-isthmic feedback loop was electrophysiologically examined by somatic current 
injections. A variety of characteristics could be described. Spontaneous activity means that 
neurons generate action potentials without stimulation. For the spontaneous cell type found, 
mean frequencies, the standard error of the mean (SEM) and the standard deviation (SD) 
were calculated.  
Another characteristic was the resting membrane potential (RMP) of a neuron; it was derived 
from the mean resting potential before the first stimulus started. For each cell type, the mean 
of the RMP, the SEM and the SD were calculated.  
An important feature was the input resistance (IR), which was calculated from current-
voltage curves. Sub-threshold depolarizing and hyperpolarizing responses were used for the 
current-voltage curves. IR is a measure of the excitability of the cell. The larger the input 
resistance, the easier the neuron can be excited. According to Ohm’s law U = R x I (U: 
potential deflection in mV, R: input resistance in MΩ, I: current pulse in nA), the input 
resistance was calculated from the linearly fitted current-voltage-curves. The deflection of 
the membrane potential was calculated as the mean potential of the last 100 ms of the 
stimulus minus the mean RMP before and after the stimulus.  
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Furthermore, the firing types of the neurons were analyzed. Damping firing behavior means 
that neurons responded with a series of APs of gradually reduced amplitudes at higher 
stimulus strength. Tonically firing neurons responded to somatic depolarizing current 
injection with a regular sequence of APs. Increasing current amplitude led to increasing firing 
frequency. The firing frequencies were plotted against the injected currents strength and 
linearly fitted. 
Several features of the APs were investigated, always taking the initial AP elicited at the 
threshold current. The initial AP was supposed to be the least distorted AP. Also, the AP 
threshold was analyzed, being the membrane potential at which the gradual depolarisation 
changes into the overshoot of the AP. Additionally, the AP amplitude was calculated from the 
peak maximum minus the RMP. Mean, SEM and SD of these parameters were calculated 
for every cell type. 
To test whether electrophysiological parameters were significantly different, Mann-Withney-
U-tests were used. Mixture analysis was made to test whether subpopulations of latencies 
were normally distributed. 
2.7.2 Latencies 
Latencies were calculated by measuring the time difference between the onset of the 
stimulus and the onset of the response (AP or excitatory postsynaptic potential (EPSP)). The 
duration of the response was estimated and mean, SD and the coefficient of variation (CV) 
was calculated for each cell type. 
For the extracellular recordings, latencies were analyzed by measuring the time difference 
between the onset of the stimulus and the onset of the signal. The deflection of the 
membrane potential was calculated by subtracting the extracellular potential from the 
response potential and the SDs were calculated. 
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3 Results 
A total of n = 224 neurons of the tectal-isthmic feedback system was recorded. However, 
only a number of n = 103 was taken for analysis since those cells were sufficiently labeled 
for unambiguous classification.  
The following result part is divided into four chapters. In 3.1, the morphology of the 
successfully labeled neurons is described. Chapter 3.2 gives a discription of the somatic cell 
properties, investigated in this thesis, whereas 3.3 deals with the cell responses to electrical 
stimulation of RGC afferents. Finally, in chapter 3.4, extracellular signals recorded in the 
tectum after stimulation of the Imc and the Ipc are described. 
 
3.1 Morphology 
To classify the recorded neurons, cells were filled with Biocytin after each recording session. 
However, this thesis was not aimed at a morphological study. A total of n = 103 cells was 
labeled for unequivocal identification.  
3.1.1 Layer 10 neurons 
The number of labeled L10 neurons was n = 28. The somata were ovoid with basal dendrites  
and the apical dendrite was directed towards the superficial tectal layers. Those cells 
showed the characteristic Shepherd’s crook axonal origin at the apical dendrite (Fig 2a). 
Thus, neurons were supposed to be Shepherd’s crook neurons and were analyzed. 
However, in none of the cases the projections upon the isthmic subdivisions were shown. 
Because of the ambiguity of the recorded cells, I rather call the recorded L10 neurons than 
Shepherd’s crook cells. 
3.1.2 Imc neurons 
A total of n = 25 Imc neurons was labeled. Cells were multipolar with many dendritic 
branches originating from everywhere at the soma and round or ovoid somata varying in size 
(Fig 2b). The axons were not sufficiently labeled to show projections to the tectum or the Ipc 
and the Slu. As a result, labeling of the recorded neurons was sufficient for unequivocal 
attribution to the Imc subdivision.  
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3.1.3 Ipc neurons 
In the Ipc, n = 32 neurons were succesfully filled. The labeled Ipc neurons had an oval or 
round soma and they were bipolar with axon and dendrites on opposite ends of the 
soma (Fig 2c). The fills were sufficient for identification of the recorded neurons, however, 
similar to the Imc neurons, no axonal projections were labeled. 
3.1.4 Slu neurons 
The number of labeled Slu cells was n = 18. In this thesis, the Slu somata were observed to 
be round in shape with several primary dendrites (Fig 2d). Those cells were densely packed 
in the nucleus. Again, the somata were labeled for classification, but no projections were 
shown by the cell fills performed in this thesis.  
     
Fig 2: (a) Morphology of a typical Shepherd’s crook neuron, (b) Imc cell, (c) Ipc 
neuron and (d) Slu cell. In (a), the arrow indicates the origin of the axon at the 
apical dendrite. (b) The Imc nucleus contains multipolar cells of different sizes . (c) 
Ipc neurons are bipolar cells and Slu cells (d) have several primary dendrites 
ramifying from the soma. Scale bars are 20 µm. 
3.2 Somatic electrophysiology  
Whole-cell patch recordings were made to study the somatic electrophysiological properties 
of the L10 neurons and the isthmic system. Depolarizing and hyperpolarizing currents were 
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injected into the cells, always applying the same stimulus protocol for one cell type. The 
current amplitudes injected into the cells depended  on the IR of the different cell types. The 
recorded neurons were physiologically characterized by the RMP, IR and responses to 
current injections. Furthermore, the AP threshold and the AP amplitude were calculated. 
3.2.1 Layer 10 neurons 
The number of labeled L10 neurons was n = 28 and the number of somatically analyzed 
cells was n = 12. As for all other cell types, the RMPs of the L10 neurons were derived from 
the mean resting potential before the stimulus started. On the average, the RMP of the L10 
neurons was -59 mV (SD = 8 mV; SEM = 2 mV). 
All L10 neurons were stimulated with the same current stimulus protocol. There were 
negative (-0.01 nA, -0.02 nA, -0.03 nA) and positive currents (0.01 nA, 0.02 nA, 0.03 nA, 
0.04 nA, 0.05 nA, 0.07 nA, 0.1 nA, 0.15 nA and 0.2 nA) injected into the cells. The 
responses of one single L10 neuron to injection of 0.01 nA, 0.03 nA, 0.05 nA, 0.1 nA, 0.2 nA 
and -0.02 nA are shown in Fig 3 and those recording traces are representative for all 
recorded L10 cells. In Fig 3, the current course with the stimulus is shown below all recording 
traces. The neuron responded with a sub-threshold depolarization to the injection of 0.01 nA 
(Fig 3a). Fig 3b-e show that the firing behavior of L10 cells was regular and thus tonic; 
furthermore, the number of APs grew with increasing depolarizing current. The neuron 
whose responses are shown in Fig 3 responded to lower depolarizing current (0.03 nA) with 
one single AP (Fig 3b) and after injection of 0.05 nA the neuron generated 2 APs (Fig 3c). 
The higher the injected depolarizing current was, the more APs were generated by the cell: 
after injection of 0.1 nA, the L10 neuron responded with 5 APs (Fig 3d) and after the cell was 
stimulated with 0.2 nA, 12 APs were generated (Fig 3e).  It is demonstrated that the firing 
frequency of all analyzed L10 neurons rose linearily with increasing depolarizing current, 
shown in the frequency-current curve (f-I curve) (Fig 12a). The firing frequency after injection 
of the maximal current (0.2 nA) was 36 Hz (SD = 25 Hz ; SEM = 7 Hz).  
An increase of the amplitude of a negative current resulted in increasing hyperpolarization, 
however, the dynamics of those hyperpolarizations were not further analyzed in this study. 
Two AP parameters were analzed: the AP threshold was -36 mV (SD = 7 mV; SEM = 2 mV)  
and the AP amplitude was 87 mV (SD = 23 mV; SEM = 6 mV). The IRs were calculated from 
the sub-threshold depolarizing response at 0.01 nA and the hyperpolarizing responses to 
negative current injection (-0.01 nA, -0.02 nA, -0.03 nA). Neurons had an IR of 381 MΩ (SD 
= 298 MΩ; SEM = 85 MΩ). The analyzed physiological parameters are summarized in Table 
1. 
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Fig 3: Recording traces of one L10 neurons to somatic current injection. Those 
responses are representative for all analyzed L10 neurons. In all traces, the current 
course with the stimulus is demonstrated below the recording traces.(a) 
Depolarization below threshold after injection of 0.01 nA. (b) Single AP at 0.03 nA; 
(c-e) tonic AP pattern at 0.05 nA, 0.1 nA and 0.2 nA. The number of APs increases 
with raising current amplitude injeceted into the cells. (f) Hyperpolarization after 
somatic injection of -0.02 nA. Scale bars are 20 mV (y-axis) and 100 ms (x-axis). 
3.2.2 Imc neurons 
Of the n = 25 Imc neurons which were sufficiently labeled for classification, a number of n = 
14 neurons was somatically analyzed. Cells were recorded at E19, since no intact neurons 
were visible at later stages. Two groups of cell types were found, differing in their 
electrophysiological properties.  Those cell types were significantly different (Mann-Withney 
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U-test, probability p < 0.05) with regard to their RMP (p = 0.007), IR (p = 0.004) and AP 
amplitude (p = 0.002). This may also be seen in the scatter plots of the RMPs (Fig 7) and AP 
amplitudes (Fig 8). 
3.2.2.1    Imc type one characteristics 
The average RMP of the first group of Imc neurons (n=6) was -47 mV (SD = 10 mV; SEM = 
4 mV). The stimulus protocol applied to the first Imc cell type was the same as for the 
second type of Imc neurons. Negative currents (-0.1 nA, -0.2 nA and -0.3 nA) and positive 
currents (0.1 nA, 0.2 nA, 0.3 nA, 0.4 nA, 0.5 nA, 0.7 nA, 1.0 nA, 1.5 nA, 2.0 nA) were 
injected into the cells. The recording traces shown in Fig 4 were recorded from one single 
neuron and they are characteristic for the Imc type one. The current line with the stimulus 
(200 ms) is shown below the recording traces. In Fig 4a, a sub-threshold depolarization (0.1 
nA) is shown. In Fig 4b-e it is demonstrated that the type one cells responded with one AP at 
the onset of the stimulus, however, small depolarizations after the AP indicate a non-phasic 
response to positive current injection (particularly shown in Fig 4d). After the AP, during 
stimulation, the membrane potential remained on a higher level than the RMP: the higher the 
current stimulus was, the higher the membrane potential was during the stimulus (Fig 4b-e). 
Cells returned to their RMP (Fig 4b-e) after the current injection. A number of n = 2 showed 
damping firing behavior at higher amplitudes (2.0 nA,Fig 5) with at most three APs with 
decreasing amplitude (Fig 5). 
Hyperpolarization increased with raising negative current, and those hyperpolarizations 
were, similar to the second Imc cell type, used for the calculation of the IRs.   
The AP threshold of the first Imc type was at -35 mV (SD = 8 mV; SEM = 3 mV)  and the AP 
amplitude was 40 mV (SD = 11 mV; SEM = 4 mV). The AP amplitudes shown in Fig 4b-e are 
not contradictory to this finding, since the cell shown here corresponds to the outlier shown 
in Fig 8. 
The IRs for both Imc cell types were calculated from the sub-threshold depolarization after 
injection of 0.1 nA and from the hyperpolarizations after injection of -0.1 nA, -0.2 nA and -0.3 
nA. For the first Imc cell type, the average IR was 48 MΩ (SD = 34 MΩ; SEM = 14 MΩ) 
(table 1). 
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Fig 4: Typical responses of the first Imc cell type, recorded at the stage E19. (a) 
Depolarization below threshold, 0.1 nA; (b) Cell responses above threshold 0.3 nA, 
(c) 0.5 nA, (d) 1.0 nA and (f) 2.0 nA. Only one single AP was generated in all cases, 
but a small EPSP in (d) and (e) indicates a non phasic response to somatic 
depolarizing current injection. (f) Hyperpolarization after somatic injection of -0.2 
nA.. Scale bars are 10 mV (y-axis) and 100 ms (x-axis). 
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Fig 5: Imc type one neuron with a damping firing behavior after the injection of 2.0 
nA. Below the recording trace, the current line with the stimulus (200 ms) is shown. 
Scale bars are 10 mV (y-axis) and 100 ms (x-axis). 
3.2.2.2    Imc type two characteristics  
The second cell type (n=9) was shown to have a mean RMP of -64 mV (SD = 5 mV; SEM = 
2 mV). The results shown in Fig 6 were recorded from one single neuron and are 
representative for the other Imc type two neurons. After current injection of 0.1 nA, the cell 
responded to depolarizing current with a tonic firing behavior (Fig 6b-d). The neuron shown in 
Fig 6b responded with a regular series of 4 APs to the injection of 0.3 nA (Fig 6b) and after 
stimulation of 0.5 nA, a number of 7 APs was generated. A current injection of 1.0 nA 
resulted in a series of 13 APs (Fig 6d) with AP amplitudes showing decreasing amplitudes. 
After the injection of 2.0 nA, the Imc cell  showed a damping firing behavior with decreasing 
AP amplitudes, and this behavior was characteristic for the second Imc cell type. The firing 
frequency increased linearily with the current strength (Fig 12b). At the maximum current 
amplitude of 2.0 nA, an average spike frequency of 43 Hz (SD = 19 Hz; SEM = 6 Hz) was 
observed. Compared to the Imc type one, a slower dynamic with regard to the 
hyperolarizations was observed (Fig 5f, Fig 6f). However, these dynamics were not further 
analyzed in this thesis. Again, hyperpolarizations were applied to calculate the IR. 
The AP threshold investigated for the second Imc type was -40 mV (SD = 6 mV; SEM = 2 
mV)  and the amplitude of the initial AP was 84 mV (SD = 14 mV; SEM = 5 mV).  
The IR was 181 MΩ (SD = 47 MΩ; SEM = 18 MΩ). Again, these parameters are summarized 
in Table 1. 
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Fig 6: Recording traces of the second Imc cell type. Below the recording traces, the 
current line with the stimulus (200 ms) is shown. (a) Depolarization below threshold, 
0.1 nA; (b-c) cells responded in a tonical manner to depolarizing current injection 
(b) 0.3 nA, (c) 0.5 nA  and (d) 1.0 nA. The number of spikes rose with increasing 
current amplitude. (e) At higher current amplitudes, the AP pattern was damping. (f) 
Hyperpolarization after somatic injection of -0.2 nA. Scale bars are 20 mV (y-axis) 
and 100 ms (x-axis). 
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Fig 7: RMP (x-axis) of both Imc types plotted versus the RMP (y-axis). Imc type one 
(rhombuses) differs significantly from Imc type two (squares). 
 
 
Fig 8: AP threshold (x-axis) of both Imc types plotted versus the AP amplitude (y-
axis). Imc type one (rhombuses) differs significantly from Imc type two (squares) 
with regard to the AP amplitude. 
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3.2.3 Ipc neurons 
The somatic electrophysiology of n = 24 of the n = 32 labeled Ipc cells was analyzed.  
3.2.3.1 Ipc response to current injection 
The mean RMP of the analyzed Ipc neurons was at -61 mV (SD  = 7 mV; SEM = 1 mV). 
Similar to the other elements of the tectal-isthmic loop characterized in this study, the same 
current stimulus protocol was applied to all Ipc neurons. The negative currents which were 
injected into the cells were 0.1 nA, 0.2 nA and 0.3 nA. Also, the Ipc cells were stimulated 
with positive currents (0.1 nA, 0.2 nA, 0.3 nA, 0.4 nA, 0.5 nA, 0.7 nA, 1.0 nA, 1.5 nA and 2.0 
nA). In Fig 6, cell responses of one single Ipc neuron to the injection of 0.1 nA, 0.3 nA, 0.5 
nA, 1.0 nA, 2.0 nA and -0.2 nA are shown; these responses are characteristic for the 
recorded cells of this nucleus. Below the recording traces, the current line with the current 
stimulus (200ms) is shown. The Ipc neuron responded to the injection of 0.1 nA with a 
depolarization below threshold (Fig 9a). After injection of 0.3 nA, the cell responded with 2 
APs (Fig 9b) and after stimulation with 0.5 nA, the cell generated 4 APs (Fig 9c). A current of 
1.0 nA resulted in 9 APs (Fig 9d)  and after injection of 2.0 nA, the cell responded with 18 
APs (Fig 9e). With increasing current, the frequency of APs rose in a linear fashion (Fig 12c). 
The maximal firing frequency was at 90 Hz (SD = 28 Hz; SEM = 6 Hz) when the injected 
current strength was 2.0 nA (Fig 12c). 
Increasing negative current led to increasing hyperpolarization. Hyperpolarization after 
stimulation with -0.2 nA is shown in Fig 9f. As for the other cell types, the hyperpolarizations 
were applied to calculate the IRs of the Ipc neurons. 
Again, two AP properties were analyzed: the AP threshold was -36 mV (SD = 6 mV; SEM = 
1 mV)  and the AP amplitude was 98 mV (SD = 19 mV; SEM = 4 mV).  
The IRs were calculated from the sub-threshold depolarizing response at 0.1 nA and from 
the hyperpolarizations after negative current injections (-0.1, -0.2, -0.3 nA). Mean IR was at 
214 MΩ (SD = 69 MΩ; SEM = 14 MΩ). In Table 1, those characteristics are illustrated. 
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Fig 9: Characteristic cell responses of the Ipc nucleus. Below each recording trace, 
the current line with the stimulus (200 ms) is shown. (a) Depolarization below 
threshold, 0.1 nA;  (b-e) tonic firing behavior of the Ipc neurons after injection of (b) 
0.3 nA, (c) 0.5 nA, (d) 1.0 nA and (e) 2.0 nA. (f) Hyperpolarization after somatic 
injection of -0.2 nA. Scale bars are 20 mV (y-axis) and 100 ms (x-axis).  
3.2.4 Slu neurons 
A total of n = 56 Slu cells was recorded by whole-cell patch recordings. A number of n = 18 
neurons could be clearly identified via DAB reaction and was thus somatically analyzed. 
One feature of Slu cells was striking: all recorded neurons showed a high rate of 
spontaneous activity (Fig 10). Cells had a spontaneous activity of 6 Hz (SD = 4 Hz; SEM = 4 
Hz) (n = 9). Spontaneous frequency was 7 ± Hz (SD = 5 Hz; SEM = 4 Hz)  (n = 8) if the Slu 
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was microsurgically isolated from the other isthmic nuclei (Imc and Ipc) and the optic tectum. 
For recordings, Slu cells had to be hyperpolarized. The RMPs of the spontaneous Slu 
neurons were investiagted by reading the values on the display of the amplifier before 
hyperpolarizing them. On the average, the RMP was -55 mV (SD = 6 mV; SEM = 2 mV). For 
recordings, cells were hyperpolarized (-60 mV and -80 mV) to suppress the spontaneous 
APs. 
 
 
Fig 10: Characteristic spontaneous activity of the Slu nucleus. Frequency was 4 Hz 
in this case. Scale bar is 20 mV (y-axis) and 1000 ms (x-axis). 
 
The stimulus protocol applied to the Slu was -0.01 nA, -0.02 nA and -0.03 nA for the 
negative currents. To depolarize the cells, the following currents were injected into the cells: 
0.01 nA, 0.02 nA, 0.03 nA, 0.04 nA, 0.05 nA, 0.07 nA, 0.1 nA, 0.15 nA and 0.2 nA. In Fig 10, 
the responses of one single Slu neuron is demonstrated. Identical to the other elements of 
the tectal-isthmic loop investigated in this study, the recording traces shown in Fig 11 are 
representative for the analyzed Slu cells. The cell responded to low current injection (0.01 
nA) with a sub-threshold depolarization (Fig 11a). After injection of 0.03 nA, the cell 
generated 2 APs (Fig 11b) and after stimulation with 0.05 nA, the neuron responded with a 
regular series of 3 APs (Fig 11c). The neuron responded with 4 APs to the injection of 0.1 nA 
(Fig 11d) and generated 7 APs after injection of 2.0 nA (Fig 11e). Similar to the other cell 
types, the firing frequency of the Slu cells increased linearily with increasing current (Fig 
12d). Firing frequency had a maximum of 29 Hz (SD = 11 Hz; SEM = 3 Hz)  when the 
injected current strength was 0.2 nA. In Fig 12f, a typical hyperpolarization after injection of -
0.02 nA is shown. Increasing negative current led to increasing hyperpolarization. Similar to 
the other cell types, these responses were applied to calculate the IRs of the neurons. 
To calculate the IRs of the Slu neurons, the responses to the injection of 0.01 nA were 
applied, if the resting potential was sufficiently hyperpolarized to have sub-threshold 
depolarizations at this current. Additionally, the hyperpolarizations at 0.01 nA, 0.02 nA and 
0.03 nA were taken to investigate the IRs. The average IR was determined at 373 MΩ (SD =  
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Fig 11: Responses of one single Slu neuron to current injection. Below the 
recording traces, the voltage line with the stimulus (200 ms) is shown. (a) Injection 
of 0.02 nA resulted in a sub-threshold depolarization. (b-e) Similar to the other 
elements of the tectal-isthmic feedback loop, the Slu neurons responded to 
depolarizing current with a regular series of spikes. Raising number of APs after 
stimulation with (b) 0.03 nA, (c) 0.05 nA, (d) 0.1 nA  and (e) 0.2 nA. (f) 
Hperpolarization after somatic injection of -0.02 nA. Scale bars are 20 mV (y-axis) 
and 100 ms (x-axis). Because of its spontaneous activity, the neuron was 
hyperpolarized  during the recordings. 
103 MΩ; SEM = 28 MΩ) and . The AP amplitude was 108 mV (SD = 15 mV; SEM = 4 mV)  
and the AP threshold was -48 mV (SD = 7 mV; SEM = 2 mV). Again, table 1 gives an 
overview of the physiological characteristics. 
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3.2.5 Linear frequency-current curves 
The firing frequencies of all cell types investigated in this study increased linearily with 
increasing current injection (Fig 12). For the L10 neurons, data were linearily fitted up to a 
current injection of 0.2 nA (Fig 12a) and the coefficient of determination was R2 = 0.99. The 
linear fit of the Imc data is shown in Fig 12b. Data were fitted up to a current injection of 1.0 
nA (Fig 12b); the coefficient of determination was R2 = 0.98. Also, the firing frequencies of 
the Ipc cells increased linearily with increasing current (Fig 12c). Fits were made up to a 
current of 2.0 nA and the coefficient of determination was R2 = 0.98. Finally, the Slu cells 
responded with a firing frequency increasing linearily to increasing current (Fig 12d). For this 
fit, the coefficient of determination was R2 = 0.99. In none of the cases, the injected current 
strength was sufficient for saturation. 
 
 
Fig 12: The f-I curves of the elements of the tectal-isthmic loop in the chick. (a) f-I 
curve of L10 neurons (y = 193.54x-3.6674), (b) f-I curve of the second Imc cell type 
(y = 39.69x-5.1114), (c) f-I curve of the Ipc cells (y = 44.951x-3.587) and (d) f-I 
curve of the Slu neurons (y = 156.68x-0.1828). In all cases, firing frequency 
increased linearily with increasing amplitude of the injected current. Data are shown 
with SEM. 
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 L10 Imc type 1 Imc type 2 Ipc Slu 
n 12 6 9 24 18 
RMP 
SD; SEM 
-59 mV 
8; 2 
-47 mV 
10; 4 
-64 mV 
5; 2 
-61 mV 
7; 1 
-55 mV 
6; 2 
IR 
SD, SEM 
381 MΩ 
298; 85 
48 MΩ 
34; 14 
181 MΩ 
47; 18 
214 MΩ 
69;14 
373 MΩ 
103; 28 
AP threshold 
SD;SEM 
- 36 mV 
7; 2 
-35 mV 
8; 3 
-40 mV 
6; 2 
-36 mV 
6; 1 
-48 mV 
7; 2 
AP amplitude 
SD; SEM 
87 mV 
23; 6 
40 mV 
10; 4 
84 mV 
14; 5 
98 mV 
19; 4 
108 mV 
15; 4 
f-I relation linear - linear linear linear 
 
Table 1: somatic electrophysiological properties of the tectal-isthmic elements. 
 
3.3 Electrostimulation of tectal L2-4 afferents 
To measure the signal delays between pairs of tectal-isthmic elements, retinal ganglion cell 
(RGC) afferents were stimulated extracellulary and intracellular whole-cell recordings from 
L10 cells, Imc cells and Ipc neurons were made. The total number of recorded cells was n = 
101 and the number of labeled neurons was n = 50.  The responses of the postsynaptic cell 
were analyzed.  
3.3.1 L10 response to electrostimulation of tectal layer 2-4 afferents 
Stimulus electrodes were placed in layer 2 to 4 of the optic tectum to stimulate the RGC 
afferents and whole-cell recordings from L10 neurons were performed. The number of 
analyzed cells was n = 15 of the 50 cells mentioned in 3.3. Only labeled L10 neurons with 
axons originating from the dendrite were included in this analysis. Since L10 dendrites can 
reach up to layer 2, the possibility of accidental direct electrical stimulation of L10 neurons 
arose. Therefore, if possible, the nature of the stimulation was evaluated by substitution of 
Ca2+ with Mg2+ in the Krebs’ solution at the end of a recording session (Fig 10). Synaptic 
stimulation caused response delays larger than 3ms, direct electrical stimulation caused 
response delays less than 1 ms, found in an early control experiment. Recordings with such 
latencies were therefore later not stored. The number of measured latencies was n = 23. 
The n (each n independent) correspond to the number of neurons and electrodes where a 
latency was found. The delays from the onset of the stimulus pulse to the onset of the cell 
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response ranged from 4 to 15 ms with a mean delay of 6.9; the SD was 1.3 ms. The 
coefficient of variation (CV) was 0.19. The corresponding gamma distribution was plotted, 
depending on the mean and SD (Fig 17a). 
  
Fig 13:  L10 response to extracellular stimulation of RGC afferents. (a) Several 
stimulus  electrodes were positioned in the tectal layers 2-4, thus there is more than 
one artifact (arrows). (b) Cell response to a single stimulus electrode in Ca2+-
containing Krebs’ solution  and (c) under Ca2+-free conditions. Scale bars are 200 
ms (x-axis) and 20 mV (y-axis). 
Upon electrostimulation, all cells responded with a long-lasting depolarization with APs 
and EPSPs riding on it for up to 90 ms after the stimulus. 
3.3.2 L10 response to electrostimulation of tectal layer 2-4 afferents while the 
cholinergic isthmic subdivsions were deactivated 
The contribution of the cholinergic isthmic subnuclei, particularly the Ipc, to the responses of 
L10 neurons was investigated. As described in 3.3.1, the L10 neurons responded with a 
longlasting depolarization to the electrostimulation of L2-4 afferents (5 APs, SD = 2). To test 
the influence of the cholinergic Ipc on these longlasting responses, 2 µM Mecamylamine 
hydrochloride (Sigma) was added to the Krebs’ solution. In one recording, the response of 
an L10 neuron was found to be long-lasting (series of 9 APs) in the control condition without  
Mecamylamine hydrochloride (Fig 14a); subsequent incubation of the slice with 2 µM 
Mecamylamine hydrochloride reduced the response to only one AP (Fig 14b). This neuron 
was not succesfully filled. L10 neurons responded with 1 AP to stimulation of the RGC 
afferents (n = 5, Fig 14c) after direct addition of 2 µM Mecamylamine hydrochloride to the 
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Krebs’ solution. In none of those recordings, a longlasting response to RGC stimulation was 
found. None of the recorded cells was successfully filled. 
Furthemore, the cholinergic subdivisions of the isthmic systems (Ipc and Slu) were 
microsurgically removed. Electrostimulation of RGC afferents resulted in short responses of 
the recorded neurons (1 AP, n = 8, Fig 14d). However, only one of the L10 cells in this 
stimulus paradigm was successfully filled and could thus be unequivocally shown to be a 
Shepherd’s crook neuron. 
 
Fig 14: L10 response to RGC stimulation under the condition that the cholinergic 
systems were deactivated. (a) Response of a L10 neuron to tectal stimulation in 
control conditions and (b) after addition of 2 µM Mecamylamine. (c) In a second 
cell, addition of Mecamylamine from the beginning of the recording led to a single 
AP response. (d) Microsurgical removing of the cholinergic isthmic subdividions 
resulted in a single AP as response of a third neuron to L2-4 stimulation. Traces (a, 
b) belong to one single cell and (c) and (d) were recorded from further cells. Scale 
bars are 200 ms (x-axis) and 20 mV (y-axis). 
3.3.3 Imc response to electrostimulation of tectal layer 2-4 afferents 
Responses and signal delays between the optic tectum and individual Imc neurons were 
measured via RGC axon stimulation or L10 neuron dendrite stimulation, with stimulus 
electrodes placed in tectal layer 2-4. A total of n = 17 neurons were taken for analysis. 
Synaptic stimulation of Imc neurons resulted in longlasting depolarizations with APs and 
EPSPs riding on it (Fig 15a, Fig 15b), or consisted of single APs (Fig 15e) or EPSPs (Fig 15f). 
30 % of the responses were EPSPs and 70 % were APs. 64 % of the responses were long-
3 Results 
 
32 
lasting depolarizations (up to 300 ms) with APs and EPSPs riding on and  36 % were single 
APs or EPSPs. 
 
 
Fig 15: Imc responses to extracellular stimulation of RGC afferents. (a,b) Long 
lasting cell response to synaptic stimulation under control condition  and (c) under 
Ca2+-free condition. (d) Responses reappeared after addition of Ca2 to the Krebs’ 
solution. (a-d) Traces were recorded from the same neuron. (e,f) Imc neurons also 
responded with single APs or EPSPs  to tectal stimulation. Scale bars are 200 ms 
(x-axis) and 20 mV (y-axis). 
To achieve synaptic stimulation of the Imc neurons, up to 8 stimulation electrodes were 
positioned in the tectal layers 2-4 (Fig 15a). Delays were measured after single electrode 
stimulation (Fig 15b). The synaptic nature of the stimulation was evaluated by blocking 
chemical synaptic transmission via replacing Ca2+ in the Krebs’ solution. Under that 
condition, the Imc responses to electrical stimulation disappeared (Fig 15c), and reappeared 
after addition of Ca2+ to the Krebs’ solution Fig 15d).  
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The signal delays ranged from 4 to 19 ms (Fig 17c). The number of measured latencies was 
n = 35. The n correspond to the number of neurons where  a latency was found. The 
distribution of delays was bimodal; the first peak in the distribution (4 to 6 ms range) was 
likely to be dominated by direct L10 dendrite stimulation (monosynaptic pathway L10-Imc). In 
contrast, the second peak (10 to 19 ms range) was probably dominated by RGC axon 
stimulation, which initiates the bi-synaptic pathway RGC-L10-Imc. Both peaks showed a 
normal distribution (p = 0.3 for the first peak and p = 0.7 for the second peak, mixture 
analysis with two subpopulations, past). The first peak in the histogram yielded a mean delay 
of 5.2 ± 0.9 ms (CV = 0.17). The corresponding gamma distribution was plotted, depending 
on the mean and SD (Fig 17c). 
3.3.4 Ipc response to electrostimulation of tectal layer 2-4 afferents 
Using a stimulus paradigm similar to the one described in 3.3.3, stimulus electrodes were 
placed in layer 2 to 4 for stimulation of RGC axons or layer 10 dendrites and recordings from 
Ipc neurons in response to layer 2 to 4 stimulation were made. Altogether, n = 17 cells were 
analyzed. Ipc neurons responded to single pulse electrostimulation either with APs (Fig 16b) 
or with EPSPs (Fig 16e). Most responses were single APs, longlasting responses with 
several APs (Fig 16f) were only measured in n = 2 cells. All Ipc neurons were excited by the 
tectal input: 40 % of the responses were EPSPs and 60% were APs.  
The synaptic nature of the stimulation was assesed by blocking chemical synaptic 
transmission via replacing Ca2+ in the Krebs’ solution, if possible (Fig. 1). Similar to the L10 
neurons, direct stimulations resulted in delays less than 1 ms, measured in an early control 
experiment. 
The signal delays from the beginning of the stimulus pulse to the onset of the Ipc neuron 
response ranged from 5 to 19 ms. The number of measured latencies was n = 46. The n 
correspond to the number of neurons where  a latency was found. Similar to the latencies 
measured for the Imc, the distribution of delays was bimodal (Fig 17b). As described for the 
Imc, the first peak was likely to be dominated by the mono-synaptic  pathway (L10-Ipc), 
whereas the second peak was likely to be dominated by the bi-synaptic  pathway (RGC-L10-
Ipc).In addition, it can not be ruled out that the bi-synaptic pathway L10-Imc-Ipc might have 
contributed to the second peak. From the first peak in the histogram a mean delay of 6.5 ± 
1.4 ms (CV = 0.22) was derived for the monosynaptic pathway L10-Ipc. Both peaks showed 
a normal distribution (p = 0.2 for the first peak and p = 0.8 for the second peak, mixture 
analysis with two subpopulations, past). The first peak in the histogram yielded a mean delay 
of 5.2 ± 0.9 ms (CV = 0.17). The corresponding gamma distribution was plotted, depending 
on the mean and SD (Fig 17b). 
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Fig 16: Characteristic responses of Ipc neurons to the stimulation of the outer tectal 
layers 2-4. (a) Stimulations were performed with several stimulus electrodes or (b) 
with isolated electrodes. (c) Substitution of Ca2+ with Mg2+ removed the 
depolarization. (d) the response reappeared under the condition that the Krebs’ 
solution contained Ca2+. (a-d) Traces were recorded from the same neuron. Cells 
responded to tectal stimulation with (b,d) a single AP, (e) EPSPs or (f) several APs. 
Scale bars are 200 ms (x-axis) and 20 mV (y-axis). 
3.3.5 Slu response to electrostimulation of tectal layer 2-4 afferents 
Identical to the situation described in 3.3.1, 3.3.2, 3.3.3 and 3.3.4, stimulation electrodes 
were positioned in the tectal layers 2-4, in order to stimulate the RGC afferents. Though 
several efforts were made, Slu neurons showed no response to the electrostimulation of 
tectal layer 2-4 afferents. 
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Fig 17: Measured distribution of signal delays between tectal-isthmic elements and 
plot of the corresponding gamma distribution (red curves).  (a) L2-4 to L10, (b)L2-4 
to Ipc, (c) L2-4 to Imc. The histogram distribution represents the number (hash 
symbols) of neurons and electrodes with that mean delay, derived from multiple 
trials for each n. 
 
3.4 Extracellular recordings 
3.4.1 Electrostimulation of the Imc 
In order to investigate the delays of the isthmic-tectal projections, a stimulus electrode was 
positioned in the Imc nucleus. Extracellular recordings were made in the deep tectal layers 
10-13. Altogether, the number of recordings was n = 10. The delays from the onset of the 
stimulus to the onset of the response were 1 ms (n = 6) or 2 ms (n = 4).  Duration of the 
signals was 3 ± 0.2 ms from the onset to the end (when the extracellular potential 
reapperared) of the signals. Voltage changes were -0.3 ± 0.7 mV. Substitution of normal 
Krebs’ solution with Ca2+-free Krebs’ solution was performed (n =5). Since the responses 
remained in all cases (Fig 18c,d), it is clear that recordings were presynaptic and thus were 
made at the isthmic projections to the tectum, at the incoming axon. Eventhough the Imc 
nucleus was stimulated, a stimulation of the Ipc axons can not be ruled out, since the Ipc 
projections to the tectum pass through the Imc. To confirm the neural origin of the signal, in 
n = 3 recordings, 2 µM TTX was added to the Krebs’ solution at the end of the session and 
the responses disappeared under this condition (Fig 18a,b). 
3.4.2 Electrostimulation of the Ipc 
Similar to the procedure described in 3.4.1, Ipc neurons were electrostimulated and 
extracellular recordings were made in the deep tectal layers (10-13). The total number of 
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recordings was n = 12. Latencies were 1 ms (n = 8) or 2 ms (n = 4). The responses lasted 2 
± 0.9 ms from the onset to the end and the voltage changes were -0.3 ± 0.1 mV. In n = 2 
recordings, 2 µM TTX was added and resulted in the elimination of the signal (19a,b). Thus, 
there was evidence that the voltage signal was a neural response.  
Substitution of Ca2+ with Mg2+ in the Krebs’ solution was performed in n = 3 recordings. 
However, the signals remained under these conditions (Fig 19c,d), again indicating that the 
signal originated from the Ipc axons rather than from the postsynaptic responses.  
 
 
 
Fig 18: Extracellular recording in the deep tectal layers (10-13) after stimulation of 
the Imc. (a) One stimulus electrode was placed in the Imc and extracellular 
recordings were made. (b) Addition of TTX resulted in the disappearance of the 
signal. (c) Recording under the condition that the Krebs’ solution did contain Ca2+. 
(d) Substitution of Ca2+ with Mg2+ did not result in the disappearance of the signal.  
Scale bars are 0.5 mV (y-axis) and 10 ms (x-axis). The huge voltage deflections 
correspond to the stimulus artefacts. 
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Fig 19: Extracellular recording in the deep tectal layers (10-13) after stimulation of 
the Ipc. (a) One stimulus electrode was placed in the Ipc and extracellular 
recordings were made (biphasic stimulation). (b) Addition of TTX resulted in the 
disappearance of the signal. (c) Recording under the condition that the Krebs’ 
solution did contain Ca2+. (d) Substitution of Ca2+ with Mg2+ did not result in the 
disappearance of the signal.  Scale bars are 0.5 mV (y-axis) and 10 ms (x-axis). 
The huge voltage deflections correspond to the stimulus artefacts. 
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4 Discussion 
The objective of this thesis was to work out the basic electrophysiology of a feedback loop in 
the brain and to assess its possible function for the processing of sensory information in the 
midbrain. The tectal-isthmic feedback loop in the avian midbrain was chosen for several 
reasons: First, this circuit is found in almost all vertebrates, with the exception of 
cartilaginous fishes, hagfishes and lampreys (Gruberg et al., 2006). Second, the general 
characteristics of this circuit are both conserved (isthmic nuclei are remote from the tectum 
and have a reciprocal connectivity and are partly cholinergic) and diverse (variable 
subdivisions of nucleus isthmi, varying degree of contralateral projection) which allows for 
comparative studies. Third, both the anatomy and the physiology of the circuit is well known 
in several species (Hunt and Künzle 1976a,b; Sereno and Ulinski 1987; Wang YC and Frost 
1991; Northmore, 1991 Gruberg et al. 1994; Tömböl et al. 1995; Wang SR, 2003; Marin et 
al. 2005; Maczko et al. 2006). And fourth, recent hodological in vitro studies in the chick 
have demonstrated that the tecto-isthmic connectivity is preserved in a slice preparation 
(Wang Y et al. 2004, Wang Y et al. 2006). In birds, the isthmic complex is highly 
differentiated, with clearly delineated nuclei that can easily be identified in a living slice. 
Thus, the elements of the tecto-isthmic feedback loop and their interactions can ideally be 
investigated on the cellular level in the slice.  
The essential results of the thesis are the following. (1) The elements of the tectal-isthmic 
loop can be mainly differentiated by their IR. Additionally, there are two types of Imc 
neurons; the Slu is the only isthmic subdivision with spontaneous APs. (2) Stimulation of 
retinal afferents led to excitatory responses in L10 cells, Imc and Ipc neurons. The data 
show that signal delays between the tectal and isthmic elements are between 4 to 9 ms. (3) 
The long-lasting responses of L10 neurons to RGC stimulation appear to be caused by the 
feedback loop between the tectal L10 and the cholinergic subdivisions of the isthmic system. 
(4) Extracellular recordings in the deeper tectal layers in response to stimulation of the Imc 
and the Ipc suggest axonal delays of less than 3 ms. 
In the following chapters, I discuss the cell morphology of the tectal-isthmic loop (4.1) and it’s 
electrophysiology, containing the somatic cell properties, the delays of the feedback system 
and the extracellular recordings (4.2). In 4.3, functional considerations of the tectal-isthmic 
loop are discussed. Chapter 4.4 deals with the impact of distributed delays on a 
mathematical neural model. The impact of the results obtained by this model on the tectal-
isthmic feedback loop is discussed in chapter 4.5. 
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4.1 Cell morphology of the tectal-isthmic loop   
4.1.1 Layer 10 neurons 
Cells of tectal layer 10 (L10) have been investigated in several studies (Cajal, 1911; Stone 
and Freeman, 1971; Sebestény et al., 2002). On the basis of the origin and course of their 
axons, neurons located in layer 10 have been described to be a heterogeneous cell 
population (Cajal, 1911; Sebestény et al., 2002; Wang Y et al., 2006). Sebestény et al. 
(2002) showed three types of layer 10/11 neurons, each getting retinal input in layer 7. Two 
of these cell types were described to project to the isthmic nuclei. However, this is in contrast 
to the findings of several other studies that found only one particular cell population, the 
Shepherd’s crook neurons, to project to the isthmic nuclei (Cajal, 1911; Hunt et al., 1977). In 
recent tracing studies, only Shepherd’s crook cells were labelled by BDA injections into the 
Imc in vitro (Wang Y et al., 2004, Luksch, unpublished data), arguing that the isthmic nuclei 
receive tectal input from this homogeneous cell population. Thus, there is an ambiguity 
which tectal L10 cells project upon the isthmic system. 
Shepherd’s crook neurons have small ovoid somata (Sebestény et al., 2002) and a radial 
dendritic field that spans all tectal layers in a narrow cylinder (Wang Y et al., 2006). A 
distinctive feature of these neurons is the origin of the axon from the apical dendrite where it 
is first directed towards the superficial layers, but then turns and courses towards the deep 
tectal layers (Cajal, 1911; Domesick and Morest, 1977; Wang et al., 2006). This feature 
already prompted Cajal to speculate on the function; he argued that it might speed up 
conduction from retinal input to the isthmic nuclei if spikes were not generated in the soma, 
but at the axon origin. In their termination sites in the isthmic nuclei, tectal axons form 
restricted columns in Ipc and Slu (Hunt and Künzle 1976; Streit et al. 1980; Güntürkün, 
1987, Wang Y et al., 2006). 
Not all fillings of L10 neurons recorded in this study were successful. Labeled L10 cells 
showed the characteristic origin of the axon. Thus, the cells were supposed to be 
Shepherd’s crook neurons and were thus analyzed. However, in none of the cases the 
projections upon the isthmic subdivisions were shown. Because of the ambiguity of the 
recorded cells, I rather call the recorded L10 neurons than Shepherd’s crook cells. 
4.1.2 Imc neurons 
The Imc receives topographic input from tectal neurons located in L 10 (Wang Y et al. 2004). 
With regard to the axonal projection of Imc neurons, the Imc nucleus contains two cell types: 
one of which projects upon Ipc and Slu and covers both nuclei almost entirely with extensive 
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axonal arborizations (Wang Y et al., 2004). The second cell type projects back to the tectum 
with an arborization pattern that is still under debate. Tömböl et al. (2006) reported columnar 
axonal arborizations in the tectum up to layer 2 after BDA injections into the Imc, while an 
intracellular study conducted by Wang Y et al. (2004) showed that Imc efferents innervate 
the lower layers of the tectum and arborize broadly, however sparing the area where the 
particular cell receives input from. As tracer applications into the Imc often label fibers of 
passage from the Ipc (Luksch, unpublished observations), the latter finding appears to be 
more reliable.  
The neuropil of Ipc and Slu express GABA immunoreactive terminal boutons (Domenici et 
al., 1988; Granda and Crossland, 1989; Tömböl  et al., 1995; Tömböl and Neméth, 1998; 
Wang et al., 2004, Wang Y et al., 2006) and the Imc seems to be the most likely source of 
GABAergic terminals (Tömböl et al., 1995). 
It has been shown that avian Imc neurons have somata being of 10-50 µm in diameter 
(Wang SR, 2002; Wang Y et al., 2004). The dendritic organization is multipolar without a 
preferred orientation (Wang Y et al., 2004). 
In this thesis, Imc cells were filled with biocytin after the recording sessions. As a result, 
labeling of the recorded neurons was sufficient for unequivocal attribution to the Imc 
subdivision and to show that the Imc nucleus consists of neurons showing a great variability 
in soma size. However, no distinction of differently projecting cells could be made in my cell 
fills since the labeling quality was not sufficient.  
4.1.3 Ipc neurons 
The Ipc is the largest isthmic subdivision and contains two types of cholinergic neurons: a 
primary type with a bipolar dendritic organization, oval somata and spiny dendrites which lies 
in the central area of the nucleus, and a second type with a more multipolar dendritic field, 
round somata and rather smooth dendrites at the nuclear margins (Wang et al., 2006). Ipc 
cells receive tectal input in a topographic fashion (Hunt and Künzle, 1976; Güntürkün and 
Remy, 1990; Hellmann et al., 2001; Wang Y et al. 2006). They project back upon the tectum 
in a columnar and homotopic manner, that is, Ipc cells project back to the locus in the tectum 
where they get input from (Hellmann et al., 2001; Wang Y et al., 2006). Within the tectum, 
axons terminate with brush-like endings rich in boutons, extending from layer 2-10 with an 
emphasis on layer 5. Additional Ipc afferents are derived from the Imc that are probably 
GABAergic (Tömböl and Neméth, 1998; Wang Y et al., 2004). 
The labeled Ipc neurons had an oval or round soma and they were bipolar. The fills were 
sufficient for identification of the recorded neurons, however, similar to the Imc neurons, no 
axonal projections were labeled. 
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4.1.4 Slu neurons 
The nucleus isthmi pars semilunaris is an unusual component of the isthmic system: it is the 
smallest nucleus, with the most tightly packed neurons, and it is the isthmic nucleus most 
remote from the optic tectum. In addition, it is the only isthmic component that projects 
outside of the tectal-isthmic loop, to the thalamic nucleus rotundus and to the nucleus 
spiriformis lateralis (Hellmann et al., 2001). Apart from these idiosyncrasies, Slu cells are 
cholinergic neurons and they project upon the tectum in a homotopic manner, albeit with 
brush-like endings in lower tectal layers, such as the Ipc. Although being more remote from 
the tectum, the Slu axons appear to be thinner than the Ipc axons (Wang Y et al., 2006). 
Both, the Slu and the Ipc receive input from the Imc (Wang Y et al., 2004).  
In this thesis, the Slu neurons were observed to be round in shape and densely packed in 
the nucleus. Again, the somata were sufficiently labeled, but no projections were shown by 
the cell fills performed in this thesis.  
 
4.2 Electrophysiology of the tectal-isthmic loop 
4.2.1 Layer 10 neurons 
In this study, data from neurons located in L10 were obtained. Even though cells were 
labeled with biocytin, a clear identification of the cell types according to Sebestény et al. 
(2002) was not always possible. It will therefore be assumed that recordings were obtained 
from all cell types in L10, a view supported by the broad distribution of input resistances 
found. However, some general properties of all recorded cells (thus including the Shepherd’s 
crook neurons) could be described. In respect to the electrophysiological characteristics 
analyzed, the L10 neurons are a rather homogeneous group. All cells responded to 
depolarizing current injection with a regular series of spikes. Average RMP  was at 59 mV, 
(SD = 8 mV, SEM = 2 mV), the small SD indicating that the poulation showed not huge 
variability in this parameter.  
 
Upon electrical stimulation of RGC afferents, neurons of L10 were excited monosynaptically; 
delays were 6.9 ± 1.3 ms. The latency of this response was surprisingly long, especially 
when the anatomical specializations of the cells are taken into account. A possible 
explanation is the state of the cells in the slice preparation. Under normal conditions, the 
network which comprises the cells of L10 is likely to be in a dynamic state of excitation. This 
is suggested by the long response duration after synaptic input which is probably due to 
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recurring excitation in the tecto-isthmic network. In this dynamic state, latencies from RGC 
input to L10 response might be much shorter. In the slice preparation however, the low level 
of excitation prior to stimulation is an unusual state of the network, possibly causing the long 
latency found.   
Additionally, the delays of of the Imc-L10 projection and the Ipc-L10 projection are known 
(Shao, Luksch, personal communication). It was shown that latencies from Ipc to L10 
stimulation were also in the range from 6-8 ms (n = 5 cells) and the delays for Imc to L10 
stimulation were 3 and 6 ms (n = 2 cells) (Shao, Luksch, personal communication). Since 
stimulation of Ipc cells leads to EPSPs in the tectal cells, the tectal-isthmic loop appears to 
be closed. The Ipc axons are unusually thick and myelinated (Hunt et al., 1977), which would 
argue for a fast conduction system. However, the Ipc axons form brush-like endings with 
diffuse fine axonal arborizations in the optic tectum from layers 10-2 (Wang et al., 2006) 
which might slow down the system. Thus, the thick axon might be necessary to speed up the 
system in order to compensate for the slow final transmission. The effect of Ipc activity on 
tectal neurons was found to be excitatory, which is in good accordance with the cholinergic 
transmitter that these cells contain. However, it should be noted that some researchers also 
reported an inhibitory influence on the tectum in the intact animal (Wang Y et al., 2000). 
 
Upon the stimulation of retinal fibers, all L10 cells showed a long-lasting response even to 
very short synaptic input from retinal fibers. The cholinergic paintbrush terminals of the Ipc 
axons (Sorenson et al., 1989; Medina and Reiner; 1994; Hellmann et al., 2001; Wang Y et 
al., 2004) have been identified as the neural elements generating tectal oscillatory bursts in 
the tectum of the pigeon (Marin et al, 2005), raising the question, wether the long-lasting L10 
responses to RGC stimulation were also due to the input from the Ipc. In fact, the long 
responses of the L10 neurons appear to be due to a network activity with the Ipc. The Ipc 
cells themselves are excited by L10 neurons. In turn, the Ipc neurons activate the L10 
neurons, thus maybe resulting in the long-lasting excitation of the L10 neurons observed in 
this study. However, the recordings made from the Ipc after tectal stimulation are not in line 
with this supposition, since many responses consisted of only a single AP. Indeed, with 
regard to a network activity of the tectal-isthmic feedback loop, the Ipc stimulation by tectal 
afferents should result in long-lasting excitations of the Ipc neurons, again leading to the 
long-lasting responses of L10 neurons. The recordings were made in vitro, thus the tissue 
was in a state where it died off. It might be that Ipc cells are more sensitive to slicing and 
therefore responses to cell stimulation by the tectal projections result in a short excitation. 
However, the Ipc cells were observed to be in good condition even after hours in the Krebs’ 
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solution and these neurons were quite easy to patch. Long lasting responses were recorded 
from only two Ipc neurons. 
It might be that the GABAergic Imc has an inhibitory effect on the Ipc cells and suppress 
their long lasting responses (Marin et al., 2007). Thus it might be that most of the recorded 
Ipc neurons were inhibited by the Imc and in only two of the cells the long-lasting response 
to tectal stimulation was not suppressed by Imc inhibitions. The suppression of long-lasting 
Ipc responses by Imc axons might contribute to an unequivocal excitation in the tectum, 
contributing to a winner-take all network (see 4.3). 
4.2.2 Imc neurons 
The Imc nucleus was the only isthmic subdivision recorded at the early stage E19. When the 
embryos were older or the chickens were even hatched, no intact cells were visible and thus 
no recordings were possible. The latest stage where intact neurons were found was at E19 
and it might be that thenceforward, the Imc neurons were more sensitive to slicing than Ipc 
or Slu cells and bounced during slicing.  
With regard to their somatic electrophysiology, two different groups of Imc neurons were 
found. These groups showed significantly different  RMPs, IRs and AP amplitudes. 
Furthermore the two types showed different firing behavior to depolarizing current injection. 
There are several explanations for this finding. 
First, since it is known that there are neurons of different sizes in the Imc (10-50 µm, Wang 
et al. 2004), it might be that the cell type with the higher IR (181 MΩ, SD = 47 MΩ; SEM = 18 
MΩ) correspond to the small Imc neurons and that the neurons with the lower IR (48 MΩ; SD 
= 34 MΩ; SEM = 14 MΩ) correspond to the larger Imc neurons. The larger the neuron, the 
lower the IR should be, since the number of ion channels usually increases with rising 
membrane surface. However, the cell fills made in this study were not appropriate to support 
this hypothesis, since often, several cells of different sizes were filled in one slice. Thus, no 
conclusion could be made which of the labeled cells in one slice corresponded to a recorded 
neuron.  
Secondly, there are two groups of cells differing in their projections. The first cell type 
projects upon the optic tectum and the second cell type projects upon both the Ipc and the 
Slu (Wang Y et al., 2004). Maybe, these two groups correspond to the two 
electrophysiologically differing groups of Imc cells found in this study. However, the fills 
made were not sufficient to label the projections of the recorded cells; hence there is no 
evidence for this speculation. 
Thirdly, it might be that recordings in the Imc were made from mature and immature cells. 
The low AP amplitude (40 mV, SD = 11 mV; SEM = 4 mV) and the response to injection of 
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positive current of the one group found in this study indicate a premature number of ion 
channels. However, the low input resistances argue against this hypothesis: immature cells 
should have a high IR, which reduces during development (Künzel, 2007). 
Consequently, at this point there is no final explanation for the existence of two 
electrophysiologically differing groups of neurons in the Imc nucleus. However, this is an 
important issue and further investigations should be made to solve the problem. Cell fills 
should be optimized to show the size projections of the recorded neurons. Hence, the 
question is, whether Imc neurons which differ in their morphology also differ in their 
electrophysiology.  Additionally, the development and expression of ion channels in the Imc 
should be investigated, to clear up, wether there are just matured and immatured cells.  
After electrical stimulation in the afferent tectal layers, cells responded with a latency 
distribution with two peaks (5 to 9 ms and 11 to 19 ms). This two-peaked distribution can be 
explained by the inclusion of one synapse (L10-Imc) or two synapses (RGC-L10-Imc), a 
variation that could not be differentiated by blocking synaptic transmission with Calcium-free 
Krebs’ solution. Thus, the earlier peak likely represents the delay between layer 10/11 
activity and Imc activation, while the latter peak indicates the two-synapses pathway: RGC-
L10-Imc.  
Imc neurons were excited by tectal stimulation and showed responses with APs riding on 
long-lasting depolarizations (up to 300 ms). This again appeared to be caused by recurring 
excitation from cells in the isthmo-tectal network.  
The avian Imc is the only GABAergic component of the isthmic system and it might have an 
inhibitory effect on the optic tectum. The Imc projections upon the tectum are heterotopic, 
wide axonal ramifications within layers 10-14 (Wang Y et al. 2004), whereas both the Ipc and 
the Slu project in a columnar and homotopic fashion upon many tectal layers (Wang Y et al., 
2006). These columns constitute juxtaposed cartridges throughout the TeO that contain a 
single termination of Ipc and Slu axons, their postsynaptic target structures, and other 
extrinsic inputs to these targets including their retinal inputs. The function of Ipc and Slu 
might be the synchronization of excitation across one cartridge, whereas the Imc might 
inhibit the Ipc and Slu neurons as well as its tectal target cells in order to obtain an 
unequivocal distribution of excitation in the tectum. For this, the sufficient release of GABA is 
essential. Thus, a long excitatory response of the Imc cells might be necessary to make a 
sufficient GABA release in the tectum and the Ipc/Slu possible. However, the question is how 
a long-lasting excitatory response in the Imc neurons is established. 
It might be that a long-lasting depolarisation of the Imc cells after synaptic stimulation is a 
characteristic response of the Imc neurons, generated by specific voltage-dependent ion 
channels. To investigate this hypothesis, pharmacological experiments will be necessary. 
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For instance, T-type Ca-channels (transient, low-voltage activated) might be the source for 
long-lasting excitation and therefore, it should be investigated wether the Imc neurons have 
channels being responsible for a long-lasting depolarisation. 
Wang SR (1995) suggested that the Imc-efferents to tectum are excitatory in the pigeon. 
Thus, the long-lasting depolarizations of the Imc cells after tectal stimulation might be 
caused by a recurring excitation of the tectum. Since the Imc axons also project upon the 
L10, a direct excitation of L10 neurons could be possible, again stimulating the Imc neurons 
and thus establishing an excitatory activity within the network. Target cells in the tectum 
should be investigated and by the tectal responses to stimulation of the Imc it will be shown if 
the effect of the Imc on the tectum is inhibitory or excitatory.  
4.2.3 Ipc neurons 
The morphological uniformity of the Ipc neurons is reflected in the physiological 
characteristics of these neurons. Cells responded with regular spiking activity upon 
depolarizing current injection and had an IR around 214 MΩ (SD = 69 MΩ; SEM = 14 MΩ), 
thus resembling one of the two groups of Imc neurons. Likewise, the response to tectal 
stimulation had a latency distribution which closely resembled the Imc data. As for the Imc 
neurons, there was a two-peaked response latency distribution in the Ipc. The first bump 
ranged from 5 to 9 ms and the second bump ranged from 11 to 19 ms. Apparently, the first 
peak was dominated by direct L10 dendrite stimulation (monosynaptic pathway L10-Ipc), 
whereas the second bump was dominated by RGC axon stimulation (bi-synaptic pathway 
RGC-L10-Ipc). Here again, these two conditions could not be differentiated by perfusion with 
Calcium-free Krebs’ solution. 
4.2.4 Slu neurons 
The most striking feature of the Slu neurons was the high spontaneous activity (6 Hz, SD = 4 
Hz; SEM = 4 Hz). In former studies it was shown that there is also spontaneous activity in 
the lacertilian nucleus isthmi (Wang SR et al., 1983), in the teleost fish nucleus isthmi 
(Northmore, 1991) and in the pigeon Slu (Yang and Wang, 2002). However, it still unclear, 
whether the isthmic  systems of other species correspond to the avian isthmic system and 
whether the isthmic systems in different animals have the same function. Furthermore, we 
do not know, whether those spontaneous cells in other animals are counterparts to the Slu 
neurons in birds. In the pigeon Slu, the observed spontaneous firing rate in vivo was 2.2 
spikes/s (Yang and Wang, 2003). Interestingly, spontaneous, regular bursts were recently 
also observed in the mammalian counterpart of the isthmic system, the rat parabigmenial 
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nucleus (Goddard et al., 2007). Cholinergic neurons in the parabigeminal nucleus of the rat 
midbrain were studied in the slice, similar to this study. Intracellular recordings showed a 
spontaneous activity of 2.81 ± 2.15 Hz. This cell activity was shown not to be due to synaptic 
activity. These data are in line with our findings for the Slu: the high rate of spontaneous 
bursts persisted, even if the Slu was microsurgically removed from the rest of the isthmic 
system and the tectum (7 Hz; SD = 5 Hz; SEM = 4 Hz). Thus, intrinsic currents within the Slu 
and the parabigeminal nucleus might be the source of the bursts. These electrophysiological 
findings might indicate that the Slu and the parabigeminal nucleus could be analogue. 
Additionally, we know that the Slu is the only isthmic subdivision projecting upon the 
thalamus and that the parabigeminal nucleus also projects upon the thalamus. The 
parabigeminal nucleus projections to the SC and the isthmic projections of the Ipc and Slu to 
the tectum are cholinergic. Consequently, there are several parallels of the parabigeminal 
nucleus and especially the Slu in the chicken. Indeed, there is no evidence, if the 
parabigeminal nucleus of mammals has the same function than the nucleus isthmi in birds. 
The nuceus parabigeminalis in mammals is a visual center which projects upon both the 
contralateral and the ipsilateral SC (Graybiel 1978; Sherk 1979). In the rat, it activates 
inhibitory interneurons (Lee at al., 2001) that inhibit tectal-thalamic cells (Lee et al., 2001). 
The parabigeminal nucleus is supposed to play a role in detecting saccade targets and/or 
facilitating eye movements to them. The nucleus isthmi in birds is supposed to contribute to 
visual target selection. 
The roles of both structures the parabigeminal nucleus and the nucleus isthmi are not fully 
understood yet. Since the parabigeminal nucleus and the Slu have several commom 
characteristics, comparative studies of both structures should benefit the full understanding 
of their roles. 
Unfortunately, the connectivity between the tectum and the Slu were rarely preserved in a 
horizontal as well as in a transverse slice preparation. We could thus not test the responses 
of Slu neurons to tectal stimulation, nor assess the output of Slu activity upon the tectum.  
4.2.5 Extracellular recordings 
In this study, both the Imc and the Ipc nucleus were stimulated. Extracellular recordings were 
made in the deep tectal layers and the data indicated axonal latencies less than 3 ms. The 
signals disappeared when TTX was added and therefore the response was of neural origin. 
However, since the signals remained even under the condition that the Krebs’ solution did 
not contain Calcium, it is obvious that recordings were made at the isthmic projections in the 
tectum and no synaptic delays were measured with these experiments. Thus, the delays 
measured give no insight in the delays of the tectal-ishmic feedback system. Therefore, Ipc 
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and Imc were extracellulary stimulated (Shao, Luksch, personal communication) and 
intracellular recordings were made in L10 neurons and the data obtained by these 
experiments show that latencies from the isthmic subdivisions to the tectum are in the range 
of 3 to 8 ms. 
 
4.3 Functional considerations 
In a series of electrophysiological studies, the isthmic system has been shown to be a visual 
center in amphibians (Gruberg and Lettvin, 1980; Wang SR et al, 1981), in teleost fish 
(Northmore, 1991) and in birds (Wang YC and Frost, 1991; Yang and Wang, 2002). 
Recently it was shown that an isthmic substructure in barn owls is also an auditory center 
(Maczko et al., 2006). It was demonstrated that the auditory space map aligne with the visual 
space map in the Ipc and thus, the Ipc obviously encodes the spatial location of objects, 
independent of the stimulus modality. With regard to the homotopic projections of Ipc axons 
on the tectum, it was suggested that the Ipc rather regulates the sensitivity of tectal neurons 
in a space-specific manner. Whether these findings in the barn owl are also valid for other 
species should be investigated in a series of experiments with various non-mammalian 
vertebrates. 
There are several hypotheses about the function of the reciprocal connections between the 
optic tectum and the isthmic nuclei. Isthmic nuclei in the frog have been proposed to work as 
a scratchpad on which interesting target locations could temporarily be stored, and thus 
provide punctuate positive feedback to the tectum (Sereno and Ulinski, 1987). In urodele 
amphibians, the isthmic feedback might play a role in depth perception and stereopsis 
(Wiggers and Roth, 1994). Finally, in birds synchronized excitation across several tectal 
projection neuron types may be provided by the columnar axonal terminations of Ipc and Slu 
neurons (Wang Y et al., 2006). Above all, the isthmic nuclei have been supposed to 
construct a winner-takes-all network in the tectum (Sereno and Ulinski, 1987; Wang YC and 
Frost, 1991; Wang SR 2003). While the positive feedback loop formed by the Ipc and the 
Slu might augment the excitation of activated loci, the negative component from the Imc 
could suppress the periphery of this locus. Thus, the isthmic subdivions might collaborate in 
deciding which activated loci in the optic tectum is the “winner” (Wang YC and Frost, 1991). 
Regarding the role of the tectal-isthmic loop in various species, it is of importance to keep in 
mind that the feedback projections differ in various classes of non-mammalian vertebrates. 
For instance, in amphibians the isthmic system projects upon both the ipsilateral and the 
contralateral tectum, whereas the avian isthmic system only projects upon the ipsilateral 
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tectum. Those differences might also indicate different functions of the isthmic system in 
various classes of non-mammalian vertebrates. 
There are controversial findings how Imc and Ipc modulate neurons within the tectum. It 
wasfound that in vitro, cells of layers 10/11 are excited by the stimulation of the Ipc, which 
leads to excitation in form of EPSPs (Shao, Luksch, personal communication). For the intact 
animal, Marin et al. (2005) showed that the paintbrush terminals of the Ipc generate 
oscillatory bursts in the tectum. Tectal oscillatory bursts are re-entrant signals to the tectum, 
which are generated in the Ipc. Therefore, the spatial-temporal pattern of oscillatory bursts in 
the Ipc is mirrored in the spatial-temporal pattern of oscillatory bursts in the tectum.  Another 
study showed that the excitatory center of the receptive field of tectal cells appears to be 
modulated by the Imc, whereas the inhibitory surround is modulated by the Ipc (Wang et al., 
2000). Chemical blockade of the Ipc resulted in elimination of the inhibitory receptive field, 
without significant influence on the exciatory receptive field. Contrary, blocking the Imc 
resulted in a reduced excitatory field. In a series of papers from this group, Ipc activation led 
to inhibition in the tectum (Felix et al. 1994, Gao et al. 1995, Wang et al., 1995a), whereas 
Imc activation resulted in the excitation of tectal neurons (Wang SR et al., 1995). They 
showed that electrical stimulation of Imc induced spikes in tectal cells. On the other hand, 
stimulation of the Ipc produced inhibitory responses in 80% of tectal cells.  In contrast to 
these data from the Wang group, it was physiologically shown that the Imc in pigeons exerts 
an inhibitory influence through GABAergic projections to Ipc and to the tectum (Marin et al, 
2007). It was demonstrated that bursting reponses in the Ipc and in the tectum to a visual 
stimulus was diminished or suppressed by an identical second visual stimulus, which was 
presented in the visual field, but far away from the first one. This suppression was shown to 
be strongly reduced by Imc inactivation. 
There are thus inconsistent results with regard to the impact of the Ipc and the Imc on the 
tectum. However, these data were obtained by completely different experimental designs. As 
a result, there are no consistent conclusions concerning the impact of the Imc on the 
Ipc/tectum and the Ipc impact on the optic tectum yet.  
 
4.4 Distributed delays and the dynamics of neural feedback systems 
In this thesis, the delays of the isthmic-tectal feedback loop were investigated. Additionally, 
latencies between the Imc to Ipc, Ipc to L10 and Imc to L10 were studied. The experimental 
data show that the signal delays between isthmotectal elements are distributed ranging from 
3 to 9 ms. Thus, a broad distribution of delays was found, being one of the major findings of 
my thesis. These data were incorporated to a system of reciprocally connected model 
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neurons by the group of Prof. Dr. Ralf Wessel, Washington University in St. Louis, MO, 
USA. This model is described in this chapter. The impact of distributed delays on a 
mathematically tractable neural model feedback system was studied. The following model 
was first published in Sebastian F. Brandt’s thesis (2007). To interpret the potential impact of 
the measured distribution of delays on the dynamics of neural feedback systems, a model 
system of two coupled Hopfield neurons (Hopfield, 1984; Marcus and Westervelt, 1989; 
Brandt et al., 2006a; Brandt et al., 2007a) was investigated, described by the first-order 
delay differential equations 
)]2(2tanh[1)(1
)(1 τ−+−= tuatu
dt
tdu
    Eq. 1 
  )]1(1tanh[2)(2
)(2 τ−+−= tuatu
dt
tdu
                Eq. 2  
Here )(1 tu  and )(2 tu  denote the voltages of the model neurons and 1τ  and 2τ  are the 
temporal delays, while 1a  and 2a  describe the coupling strength between the two neurons. 
Furthermore, it is assumed that the dynamics of both neurons are governed by the same 
characteristic time constant which is set to one. Time is thus dimensionless in the model, 
and translation to real time can be achieved by multiplying the dimensionless time variable 
with the characteristic time constant of the system.  
 
The system of delay differential equations has a trivial stationary point at the origin, 
021 == uu  (Fig 20a). The regulation of neuronal activity in the isthmotectal system involves 
the transmitters Glutamate and GABA (Wang Y et al., 2004; Wang Y et al., 2006). 
Therefore, excitatory-inhibitory interactions are likely to play an important role in the 
feedback loop. Thus, especially the case where the coupling strengths 1a  and 2a  are of 
opposite sign is interesting. For 121 −≤aa , the fixed point at the origin is asymptotically stable 
as long as the mean of the time delays 2/)( 21 ττ +  does not exceed a critical value 0τ  (Wei 
and Ruan, 1999; Brandt et al, 2006):  
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The critical value 0τ  is determined by combinations of the product of the couplings alone 
(Eq. (3)). For couplings of opposite signs (e.g. 121 −≤aa ) and when the delays are 
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increased, the origin becomes unstable and a limit cycle emerges via a supercritical Hopf 
bifurcation at 021 2/)( τττ =+  (Fig 20b). The critical value, 0τ , decreases with decreasing 
value of the product of the couplings 21aa  below –1. In other words, oscillations can be 
achieved by either increasing the delays or by increasing the absolute value of the coupling 
strengths of opposite signs. 
 
For a distribution of delays the coupling term in (Eq. (1), (2)) is replaced with a weighted sum 
over similar terms but with different delays 
∫
∞
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dt
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   Eq. 4 
)](tanh[)()()( 1022
2 τττξ −+−= ∫
∞
tudatu
dt
tdu
   Eq. 5 
The delay kernel )(τξ  is normalized to satisfy ∫
∞
=
0
1)(ττξd . For simplicity, the delay kernels 
are chosen to be identical for both legs of the loop. The delay kernel is chosen to be a 
gamma distribution,  
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where T  is the mean delay, v  is the variance of the gamma distribution, and the gamma 
function is defined as dtetx tx −
∞
−
∫=Γ
0
1)( . The gamma distribution was chosen because it has 
the biologically plausible feature to vanish for delays approaching 0 (Fig 20c). For the 
coupling strength 21 −=a  and 12 =a  were chosen for all simulations. Other combinations of 
coupling strengths lead to equivalent results, as long as the product 21aa  is smaller than -1.  
The parameters to vary are the mean delay, T , and the variance, v , of the gamma 
distribution. As these parameters are changed, the fixed point at the origin changes from a 
stable fixed point to an unstable fixed point surrounded by a stable limit cycle and vice-versa 
(Hopf bifurcation). This transition takes place when the roots, λ , of the characteristic 
equation for the system (Eq. (4), (5)) 
              0112
22
21
2
=




 +−++
−
v
T
T
v
aa
λλλ               Eq. 7 
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are purely imaginary. The characteristic equation is obtained by demanding that the solution 
to Eq. (4) and, (5) behaves as tAeu λ=1 , tBeu λ=2  near the fixed-point. Substituting ωλ i= , 
where ω  is real, there is 
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Separating real and imaginary parts, there is a system of two equations, which, for a given 
variance v , is solved in ω  and T . The system has multiple solutions, and the solution with 
the minimum positive mean delay T  determines the critical mean delay 0T , for which the 
fixed point at the origin loses its stability and a stable limit cycle emerges. To find this 
solution, Newton's method is applied, where the starting values for the algorithms by 
inspection of the oscillatory system dynamics near the bifurcation are chosen. Our analysis 
shows the introduction of distributed delays (increasing variance) leads to a smaller limit 
cycle (Fig 20b, f). Furthermore, the critical mean delay 0T  increases with increasing variance. 
 
To estimate the time constant for reaching an attractor, the distance was calculated, 
)()()( 2221 tututD +=θ , from the origin along a given polar angle, θ , in the )(1 tu  and )(2 tu  
space. Assuming an exponential dependence, a fit of an exponential function to the 
simulated )(tDθ  values provided the time constant for that polar angle. The procedure for 
360 polar angles in 1-deg increments was repeated and took the final time constant to be the 
mean of the 360 time constants at given polar angles. This analysis shows that increasing 
variance makes the convergence to the fixed points faster (Fig 20e) and the convergence to 
limit cycles slower (Fig 20f). In summary, distributed delays increase the parameter region 
with fixed-point behavior and accelerate the convergence to the fixed point. 
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Fig 20: Mean delays and attractors. (a, b) Dynamics of the 2-neuron model system 
for gamma distributions with mean delay values of 7.0=T  (a, fixed point) and 
0.2=T  (b, limit cycle), respectively. For both cases, the standard deviation is 0 % 
(green), 25 % (black), and 50 % (red) of the mean delay. The initial condition is 
30.0)(1 =tu  and 28.0)(2 −=tu  for 0≤≤− tτ . (c) Gamma distribution for a 
mean delay value of 7.0=T  and a standard deviation of 0 % (green), 25 % 
(black), and 50 % (red) of the mean delay. Note that the CV of the distribution 
shown in black corresponds approximately to the CV of the measured delay 
distributions. (d) Critical mean delay, 0T , where the Hopf bifurcation takes place, 
plotted against variance. (e) Time constant for reaching the fixed point for 7.0=T  
plotted against the variance of the gamma distribution. (f) Time constant (thin 
a b 
c d 
e f 
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curve, left axis) for reaching the limit cycle and radius of the limit cycle (thick curve, 
right axis) for 0.2=T  plotted against the variance of the gamma distribution 
The system was also simulated for distributions with the same variance but different means 
(Fig 21c). The convergence to the limit cycle is fastest when the mean of the delay 
distribution is smallest (Fig 21d). The system dynamics are thus influenced by the mean and 
variance of the delay distribution. To investigate the importance of the particular shape of the 
delay distribution for the system dynamics, the two-neuron system was simulated for 
different distributions with the same mean and variance. Three different distributions 
consisting of two superimposed delta distributions each and a gamma distribution (Fig 21a) 
were used. The system dynamics are almost identical for the four cases despite the very 
different shapes of these distributions (Fig 21b). It is therefore concluded that the mean and 
variance of the delay distribution determine the system dynamics almost exclusively, while 
higher moments of the distributions appear not to be important. Convergence to the fixed 
point is accelerated when the mean of the distribution is decreased and when its variance is 
increased. 
 
For large brains with finite signal propagation velocities, delays are a fact of life. Delays in 
feedback loops play a fundamental role, as they can determine the dynamical behavior of 
the system (Milton, 1996; Fisher at al., 2006). Specifically, for delays smaller than a critical 
value a neural feedback system may converge toward a steady-state, whereas for delays 
larger than the critical value the system may oscillate (Coleman and Renninger, 1976; an der 
Heiden, 1979)  In nonlinear systems, the distribution of a system parameter can have 
unexpected effects on the systems dynamics (Braiman et al., 1995; Brandt et al, 2006b; 
Chacón and Martínez, 2007) Consequently, if delay is a relevant parameter in neural 
feedback systems, as stated above, it is important to investigate the impact of delay 
distributions on the system dynamics.  
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Fig 21: System dynamics for different delay distributions. (a): Different delay 
distributions with the same mean and variance. The distributions shown in blue, 
red, and black consist of two superimposed delta distributions. The weight of each 
delta distribution is indicated by the height of the peak. The green curve represents 
a Gamma distribution. All distributions have a mean delay of 5.0=T  and a 
standard deviation of 40% of the mean. (b): System dynamics for the delay 
distributions shown in (a). Line colors indicate the delay distribution in (a) that was 
used for the simulation. Because of the similarity in dynamics, the 4 curves largely 
overlap. (c): Delay distributions with same variance and different means. The 
distributions shown in blue, red, and black consist of two superimposed delta 
distributions. The weight of each delta distribution is indicated by the height of the 
peak, the standard deviation of each distribution is 0.2. The mean delay values of 
the distributions in blue, red, and black are 0.25, 0.5, and 0.75, respectively. (d): 
System dynamics for the delay distributions shown in (c). Line colors indicate the 
delay distribution in (c) that was used for the simulation. 
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4.5 Stabilizing impact of distributed delays and the biological system 
The latencies measured for the tectal-isthmic pathway in this thesis are consistent with those 
measured for the tectal-isthmic pathway in toads in vivo (Wu and Wang, 1995). Nucleus 
isthmi in toads receives excitatory input from the ipsilateral tectum and latencies are 16 ± 7 
ms (SD), thus resembling the data obtained for the chicken in this thesis. The standard 
deviations calculated by Wu and Wang indicate a broad distribution of the latencies in toads. 
Thus, for two different individuals it was shown that the delays in the tectal-isthmic system 
are distributed, though the isthmic system in birds and toads might not necessarily have the 
same function.  
The mathematical analysis of distributed delays in the tectal-isthmic system showed that 
distributed delays increase the parameter region with fixed-point behavior and accelerate the 
convergence to the fixed point. Therefore, distributed delays enhance system stability and 
reduce oscillations. However, this is contrary to the finding that fast oscillatory bursts in the 
avian optic tectum are the most conspicuous visual response and that those oscillatory 
bursts are generated by the Ipc (Marin et al., 2005). The Ipc is thought to be a key 
component in gating the ascending transmission of visual activity through the tectofugal 
pathway (Marin et al., 2007). Thus, the question is how oscillatory bursts can be integrated 
into the hypothesis that distributed delays in the tectal-isthmic system enhance stability of 
feedback loops. 
The tectal-isthmic feedback loop has been conjectured to play a critical role for 
spatiotemporal attentional mechanisms in non-mammalian vertebrates for some time 
(Sereno and Ulinski 1987; Wang and Frost 1991; Wang 2003; Marín et al. 2005; Gruberg et 
al. 2006; Maczko et al. 2006; Marín et al. 2007). The ability of a neural network to detect the 
most salient part of a visual scene through winner-takes-all selection is a key feature in 
models of visual attention (Koch and Ullman, 1985). Computational and mathematical 
analysis of the dynamics in a network model of the tectal-isthmic feedback loop has shown 
that the degree to which this circuit can function as a winner-takes-all network may depend 
critically on the delays in the system (Brandt and Wessel, 2007b). In particular, it has been 
demonstrated that winner-takes-all behavior may arise from the delay dependence of the 
time constants that govern oscillations and relaxation to the fixed point. It was shown that 
distributed delays influence the time constants for convergence to the limit cycle and the 
fixed point in a coupled neuron model. Therefore, the distribution of transmission delays in 
the tectal-isthmic feedback loop may be important to winner-takes-all selection in the system 
and consequently to its role in mediating selective attention.  
An important feature will now be the confirmation of distributed delays within the tectal-
isthmic loop in the intact animal. Measuring distributed delays in vivo would confirm the 
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results obtained in vitro in this thesis and the validity of the mathematical modelings 
mentioned above. Furthemore, since little is known about the delay features in the tectal-
isthmic loop yet, we do not know, if the results obtained for the chicken in this thesis are also 
valid for other species.  
 
The results of the mathematical models mentioned above indicate the importance of 
distributed delays for a possible winner-takes-all role of the tectal-isthmic feedback loop. In 
addition to the winner-takes-all hypotheses, there are also other speculations about the 
function of the tectal-isthmic loop, mentioned in 4.3. However, it remains unknown if other 
possible functions of the tectal-isthmic feedback loop also depend on distributed delays. In 
the future, it will be important to investigate whether distributed delays are also beneficial to 
other possible functions of the feedback loop. Sereno and Ulinski (1987) suggested the 
isthmic nucleus to act as a scratchpad on which interesting target locations can temporarily 
be written. This hypothesis was based on a study demonstrating that in the frog, there are 
visual attention units with small receptive fields in the superficial layers of the tectum. Those 
visual attention units continue to discharge for a few seconds following a brief stimulus 
motion (Ingle, 1975). However, these units are abolished by removal of the ipsilateral tectal-
isthmic pathway, whereas they are not abolished by removal of the contralateral tectal-
isthmic loop. 
Ipc and Slu form columnar projections in the avian optic tectum, which extend over many 
tectal layers (Wang et al., 2006). Together with their postsynaptic target structures and other 
inputs to these targets, including the retinal inputs, these columns form cartridges, each of 
them sampling a small visual field. The function of the Ipc and Slu in the tectum might 
therefore be the synchronization of excitation across one cartridge. Actually, synchronization 
should be supported by consistent delays. Furthermore, the isthmic system might also play a 
role in depth perception and stereopsis in salamanders (Wiggers and Roth, 1994). Again, 
the question is whether the delay properties found in this thesis are of relevance for those 
functions. 
 
One important finding of this thesis was that the firing rate of all feedback elements 
increases linearily with injected current. The impact of this somatic feature on a 
mathematical model feedback system will be investigated soon.  
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5 Summary 
The signal flow in the brain is not just feedforward. Rather, most neural pathways in the brain 
are dominated by feedback projections. One prominent feedback system in the vertebrate 
midbrain is the tectal-isthmic loop. The optic tectum (superior colliculus in mammals) is a 
multimodal structure and it is the primary visual processing area in the mesencephalon of 
non-mammals. The isthmic system (nucleus parabigeminalis in mammals) is a complex of 
midbrain nuclei being spatially separated from the tectum. In birds, it contains three 
substructures having reciprocal connections with the optic tectum: the nucleus isthmi pars 
magnocellularis (Imc), the nucleus isthmi pars parvocellularis (Ipc) and the nucleus isthmi 
pars semilunaris (Slu). Tectal input to the isthmic nuclei arises from radial neurons located in 
tectal layer 10 (L10 neurons). Since both the anatomy and electrophysiology of this system 
have been extensively studied and since the reciprocal connections between the optic 
tectum and the isthmic system are preseved in slice preparations, this system is a very 
appropriate model to study feedback properties. However, a thorough knowledge of the 
somatic electrophysiology of the elements of the loop and the delays within the system was 
still missing. 
In this study, the somatic electrophysiological properties of all relevant network components 
were studied with whole-cell patch recordings in midbrain slice preparations of chick 
hatchlings (Gallus gallus). Basic electrophysiological features, such as resting potential, 
input resistance, response to current injection, initial AP threshold and initial AP amplitude 
were investigated for all elements of the loop. The firing behavior to increasing positive 
current injected into the cells was found to be tonical in all cell types, with a linear 
relationship between input current and firing frequency. Only one cell type in the Imc showed 
phasic response that, upon current increase, resulted in an oscillatory firing behavior. It was, 
however, not possible to attribute these physiological cell types of Imc neurons to the 
different anatomical cell types found in the Imc. In summary, despite the varying input 
resistances and spontaneous activity, the somatic properties of the isthmic cells were rather 
uniform. 
A second aspect of this study was the investigation of the delays between elements of the 
tectal-isthmic feedback loop. Retinal afferents to the upper tectal layers were stimulated 
extracellulary, and postsynaptic responses were measured in all elements of the feedback 
system. The delays between the tectum and the isthmic nucleis were found to be distributed 
around average delays of less than 10 ms and greater than 3 ms. The postsynaptic 
responses to synaptic input were found to be of different durations.  
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Synaptic stimulation of the Slu by retinal ganglion cells was not possible, since projections 
between the tectum and the Slu were rarely preserved in the slice. To study the delays from 
the isthmic system to the tectum the Imc and the Ipc were stimulated extracellulary. Since 
the postsynaptic targets in the tectum are hitherto unknown, extracellular recordings were 
made in the tectum that however could only reveal axonal latencies. 
In a third series of experiments, the long-lasting response of all L10 neurons to stimulation of 
retinal afferents was studied. Deactivation of the Ipc by either microsurgical removal or by 
blocking of acetylcholine receptors was performed to reveal the impact of the cholinergic 
isthmic system on the L10 neurons. Under both conditions the responses of L10 neurons to 
stimulation by retinal afferents changed from long-lasting (90 ms) with many APs to only one 
AP, pointing towards an excitatory input of the Ipc neurons onto the L10 cells.  
In summary, the basic electrophysiological features of the tectal-isthmic loop in the chicken 
were elaborated in this thesis. Differences and similarities of somatic electrophysiological 
features were demonstrated, and the delays between components of the system were 
investigated. Together, these results were and will be the basis for modeling mathematical 
neural feedback sytems. 
 
 
6  Zusammenfassung 
 
59 
6 Zusammenfassung 
Die Signalweiterleitung im Gehirn ist nicht nur vorwärts gerichtet; Rückkopplungsschleifen 
spielen in den meisten Nervenbahnen eine sehr große Rolle. Eine bedeutende 
Rückkopplungsschleife im Mittelhirn der Vertebraten sind die reziproken Projektionen 
zwischen dem optischen Tectum und dem isthmischen System. Das optische Tectum 
(Superiorer Colliculus bei Säugern) ist ein multimodales Verarbeitungszentrum und das 
primäre visuelle Verarbeitungszentrum im Mesencephalon von Wirbeltieren (außer 
Säugern). Das isthmische System (Parabigeminaler Nucleus bei Säugern) ist ein 
Kernkomplex im Mittelhirn, welcher vom optischen Tectum räumlich getrennt ist. Dieser 
Kernkomplex besteht bei Vögeln aus drei Unterkernen, die alle reziproke 
Rückkopplungschleifen mit dem optischen Tectum haben: dem Nucleus isthmi pars 
magnocellularis (Imc), dem Nucleus isthmi pars parvocellularis (Ipc) sowie dem Nucleus 
isthmi pars semilunaris (Slu). Im Wesentlichen liegt die Funktion dieser Rückkopplung in der 
Verarbeitung räumlicher Wahrnehmung. 
Das isthmische System wird von tectalen Neuronen innerviert, deren Somata in der 10. 
Schicht des optischen Tectums lokalisiert sind. Die reziproken Projektionen zwischen dem 
Tectum und dem isthmischen System sind bereits Gegenstand vieler Studien gewesen und 
die Anatomie und Elektrophysiologie des Systems sind recht gut bekannt. Zudem sind die 
Verbindungen des Systems auch in Gehirnschnitten enthalten, weswegen sich speziell 
dieses System als Studienobjekt von Rückkoppsschleifen eignet. Jedoch ist bisher wenig 
über die somatische Elektrophysiologie und die Latenzen des Systems bekannt gewesen. 
In dieser Doktorarbeit wurden daher die somatischen elektrophysiologischen 
Zelleigenschaften aller für das System relevanten Neuronentypen mittels Whole-cell patch 
Ableitungen in Gehirnschnitten des Hühnchens (Gallus gallus) beschrieben. Grundlegende 
elektrophysiologische Eigenschaften wie das Ruhepotential, der Eingangswiderstand, das 
Antwortverhalten auf Strominjektion und die Feuerschwelle sowie die Amplitude des ersten 
APs aller relevanten Zelltypen wurden in dieser Arbeit ermittelt. Dabei wurden Ströme mit 
zunehmenden Stromstärken in die Zellen injiziert; alle Neuronen antworteten mit einem 
tonischen Feuerverhalten, wobei die Beziehung zwischen der injizierten Stromstärke und der 
Feuerfrequenz linear war. Nur in einem bestimmten Zelltyp von Imc Neuronen wurde ein 
phasisches Antwortverhalten gefunden, welches bei höheren Stromstärken zu oszillieren 
begann. Im Rahmen dieser Arbeit konnte nicht geklärt werden, ob die beiden physiologisch 
unterschiedlchen Imc Zelltypen zwei anatomisch unterschiedlichen Imc Zelltypen 
entsprechen. Die elektrophysiologischen somatischen Eigenschaften der Neuronen im 
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isthmischen System sind, abgesehen von den Eingangswiderständen und 
Spontanaktivitäten, insgesamt recht ähnlich. 
Die Erforschung der Latenzen innerhalb der reziproken Rückkopplungsschleifen zwischen 
dem optischen Tectum und dem isthmischen System war ein zweiter Aspekt dieser 
Doktorarbeit. Dazu wurden retinale Afferenzen, welche die oberen Schichten des optischen 
Tectums innervieren, extrazellulär stimuliert und das postsynaptische Antwortverhalten in 
den Zelltypen des Systems gemessen. Die Latenzen zwischen dem optischen Tectum und 
dem isthmischen System waren kleiner als 10 ms aber größer als 3 ms und die 
postsynaptischen Antworten auf synaptische Innervation waren unterschiedlich lang. Eine 
synaptische Stimulation des Slu war nicht möglich, da die axonalen Projektionen zwischen 
dem Tectum und dem Slu in den Gehirnschnitten schlecht erhalten waren. 
Um die Latenzen zwischen dem isthmischen System und den optischen Tectum 
herauszufinden, wurden der Imc und der Ipc extracellulär stimuliert. Da die Zielneurone der 
isthmischen Projektionen im Tectum noch unbekannt sind, wurden extrazelluläre 
Ableitungen vorgenommen; die gemessenen Latenzen waren allerdings alle axonal. 
Gegenstand des dritten Projektes dieser Doktorarbeit waren die lang anhaltenden 
postsynaptischen Antworten der Schicht 10 Neuronen auf die Stimulation von retinalen 
Afferenzen. Um den Einfluss des cholinergen Ipc auf diese Art von Antwortverhalten 
herauszufinden, wurde der Ipc entweder entfernt oder tectale Acetylcholinrezeptoren wurden 
geblockt. In beiden Fällen änderte sich das Antwortverhalten der Schicht 10 Neurone von 
lang anhaltend (90ms) mit vielen APs zu nur noch einem AP. Diese Ergebnisse lassen auf 
einen excitatorischen Einfluß des Ipc auf die Schicht 10 Zellen schließen. 
Zusammenfassend wurden die grundlegenden elektrophysiologischen Eigenschaften des 
Rückkopplungssystems zwischen dem optischen Tectum und dem isthmische System im 
Hühnchen erforscht. Es wurden Unterschiede und Gemeinsamkeiten von somatischen 
elektrophysiologischen Eigenschaften aufgezeigt und die Latenzen innerhalb des Systems 
gemessen. Die Ergebnisse dieser Arbeit waren und werden die Grundlage für die 
Modellierung von neuronalen Rückkopplungsschleifen sein. 
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